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FOREWORD

The Complete Atmospheric Energetics Experiment
(CAENEX) is an important part of the Soviet Union's
massive contribution to the Global Atmospheric Research
Programme. It is a cooperative effort among a number of
major institutions within the U.S.S.R. which are working
on atmospheric problems. Relative to most other observational programmes, CAENEX is particularly sharply
focussed on radiation problems. The behaviour of radiation in the earth's atmosphere is important for understanding weather and is absolutely essential for understanding climate. It is therefore fitting that Professor
Kondratyev, a distinguished radiation expert who has
provided much of the impetus for the CAENEX programme should prepare this document. It describes the
nature of CAENEX and presents in considerable detail
the programmes carried out in 1970, 1971 and 1972.
Many important results are presented, particularly with
respect to the interaction of the radiation field and

aerosols derived from analyses which have already been
carried out on CAENEX data. These results have even
now modified the thinking of atmospheric scientists with
respect to the behaviour of radiation in the earth's
atmosphere. Additional important results on this and
other topics will undoubtedly arise from further analyses
of CAENEX data and from the continued observational
efforts.
This report, which has some of the character of a
progress statement, is a welcome addition to the GARP
publications series.

R. W. STEWART
Chairman JOC-GARP

SUMMARY
The problems of atmospheric energetics must by far
take the central place both during the preparation for
GARP and at the stage of implementing GARP itself.
CAENEX, the programme and preliminary results of
which are given in this publication, is a national subprogramme of GARP undertaken in the U.S.S.R.,
aiming at comprehensive investigations of energy transformation in the atmosphere and of "energy interaction"
between the atmosphere and the surface. The accomplishment of such a complicated and comprehensive programme as CAENEX demanded efforts from many
scientific research institutes, and during the first stage it
was mainly connected with the solution of methodical
and technical problems of investigations of interaction
between numerous elements in a complicated system of
many components under simple conditions (cloudless
atmosphere, horizontally homogeneous underlying surface). Scientific efforts of CAENEX were concentrated,
in the first place, on the solution of several important
questions connected with investigation of the radiation
and sensible heat transfer in the atmosphere.
The problem of study of aerosol influence (aerosol
absorption in particular) on radiation fluxes and flux
divergence was one of the main problems. The most
important aspect of this problem was the investigation
of aerosol effects from the point of view of making
known the causes of present climate variations and man's
possible impact on climate. From the point of view of
obtaining a closed set of observations, it is of particular
interest to note the implementation of the Complete
Radiation Experiment (COMREX) under cloudless and
overcast conditions. The data of COMREX is of great

significance for experimental verification of different
theoretical schemes of calculation of radiation fluxes and
for elaboration of the most adequate methods of parameterization of radiation transfer in the atmosphere
which may be used in numerical modelling of the general
atmospheric circulation and for the solution of other
problems. Ofimportant interest are the conclusions about
the relationship of the radiative and sensible heat flux
divergences in the boundary layer of the atmosphere
received as a result of an analysis of the CAENEX
expedition data. These findings testify the impossibility
of the elaboration of methods of sub-grid parameterization of interaction between the atmosphere and the surface
without incorporation of radiation processes.
Chapter 1 presents the basic ideas of the CAENEX
programme, its main goals and specific features as well
as a general description of observations at the level of
the earth's surface and in the free atmosphere, which
form the basic observational system of CAENEX.
Chapter 2 contains a description of the composite
observational programmes accomplished in the period of
the first three expeditions under the CAENEX programme
in 1970-72.
Chapter 3 is devoted to a brief description of the
preliminary results of these expeditions. Main attention
is paid here to the results of the Complete Radiation
Experiment; the problem of absorption of shortwave radiation by aerosols; consideration of the problem of interaction between heat exchange due to radiation and sensible heat transfer in the boundary layer
of the atmosphere.

RESUME
Tout au long de la preparation et de la realisation du
Programme de recherches sur l'atmosphere globale les
problemes de l'energetique de l'atmosphere doivent
occuper une place preeminente. La presente publication
expose le programme et les resultats preliminaires de
l'Experience CAENEX. Il s'agit d'un sous-programme
du GARP entrepris a l'echelon national par l'U.R.S.S.,
dans le but d'etudier de maniere approfondie les transformations d'energie qui ont lieu dans l'atmosphere et
les interactions entre l'atmosphere et la surface en
matiere d'energie. L'execution d'un programme aussi
complet et complexe que celui de l'Experience CAENEX
a exige le concours d'un grand nombre d'instituts scientifiques de recherche et a exige, durant la premiere
phase, de resoudre les problemes techniques et methodologiques que pose l'etude des interactions entre les
divers elements constitutifs d'un systeme complexe se
trouvant dans des conditions simples (ciel sans nuage,
surface sous-jacente homogene dans le plan horizontal).
Sur le plan scientifique, les efforts de l'Experience
CAENEX ont vise en premier lieu a resoudre plusieurs
questions importantes touchant le rayonnement et le
transfert de chaleur sensible dans l'atmosphere. L'un
des principaux problemes a etudier etait l'infiuence
qU'exercent les aerosols (notamment du fait de l'absorption) sur les flux radiatifs et sur la divergence des flux.
Un aspect particulierement important de ce probleme est
celui de la recherche du role que peuvent jouer les aerosols
quant aux variations climatiques actuelles et a l'influence
des activites humaines sur le climat. En ce qui concerne
l'obtention d'un jeu ferme d'observations, il est particulierement interessant de noter l'execution de l'experience
complete du rayonnement (COMREX) dans des conditions de ciel clair et de ciel couvert. Les donnees de

ceUe experience COMREX sont d'un grand interet pour
verifier experimentalement differents schemas theoriques
de calcul des flux radiatifs et pour elaborer les methodes
de parametrisation du transfert radiatif dans l'atmosphere les plus valables pour servir a l'etablissement de
modeles numeriques de la circulation generale de l'atmosphere ainsi que pour resoudre d'autres problemes. En
ce qui concerne la relation existant entre les divergences
des flux radiatifs et de chaleur sensible dans la couche
limite de l'atmosphere, les conclusions qui ont ete tirees
de l'analyse des donnees recueillies au cours de l'experience CAENEX sont d'un grand interet. Ces conclusions
confirment qu'il est impossible d'elaborer des methodes
de parametrisation des interactions entre l'atmosphere et
la surface a une echelle inferieure a celle de ·la grille de
calcul sans faire intervenir les processus radiatifs.
La partie I de la note expose les idees fondamentales,
les buts essentiels et les caracteres particuliers du programme CAENEX et decrit les observations qui ont
ete executees a la surface et en atmosphere libre, grace
au systeme d'observation mis en place pour l'experience.
La partie 11 decrit les programmes d'observations de
differentes natures executes au cours des trois premieres
expeditions effectuees entre 1970 et 1972 dans le cadre
du programme CAENEX.
La partie III expose brievement les premiers resultats
obtenus a la suite de ces expeditions en insistant particulierement sur ceux de l'experience complete sur le
rayonnement en ce qui concerne le probleme de l'absorption des rayonnements de courtes longueurs d'onde par
les aerosols, le probleme de l'interaction entre les
echanges thermiques et radiatifs et le transfert de chaleur
sensible au sein de la couche limite de l'atmosphere.

RESUMEN

Los problemas de la transferencia de energia en la
atmosfera ocupanln un lugar preeminente en la preparacion y ejecucion del Programa de Investigacion Global
de la Atmosfera. El CAENEX (Experimento complejo
sobre transferencias de energia en la atmosfera), cuyo
programa y resultados preliminares figuran en la presente publicacion, es un subprograma del GARP emprendido por la U.R.S.S., mediante el cual se pretenden
estudiar de manera general las transferencias de energia
que se producen en la atmosfera, e investigar las « interacciones energeticas » que tienen lugar entre la atmosfera
y la superficie. La realizacion de un programa tan complejo y completo como el CAENEX ha requerido no
pocos esfuerzos de una multitud de institutos de investigaci6n cientffica y, durante su primera fase, su finalidad
ha consistido principalmente en hallar una solucion a los
problemas tecnicos y metodologicos que plantea el
estudio de las interacciones que se producen entre los
numerosos elementos de un sistema complejo de mUltiples
componentes en condiciones simples (atm6sfera despejada, superficie subyacente horizontal y homogenea).
Al principio, las actividades cientfficas realizadas dentro
del marco del programa del CAENEX se concentraron
esencialmente en la busqueda de una solucion a diversas
cuestiones importantes, tales como los problemas de la
radiacion y de la transferencia de la energia perceptible
en la atmosfera.
El estudio de la influencia de los aerosoles (y, en
especial, el de la absorcion de los aerosoles) en los
flujos de radiaci6n y en las divergencias de los flujos
constituyo uno de los principales problemas, cuyo
aspecto mas importante se refiere a la determinacion de
los efectos de esos aerosoles, con el fin de conocer las
causas de las actuales variaciones del c1ima y las posibles
repercusiones de las actividades del hombre en el c1ima.
Para la obtencion de un conjunto coherente de observaciones, cabe observar que resulta particularmente
interesante el Experimento de radiacion completa
(COMREX), realizado en condiciones atmosfericas despejadas y con cielo cubierto.

Los datos obtenidos mediante el experimento COMREX tienen una gran importancia para comprobar
experimentalmente los diferentes sistemas teoricos de
calculo de los flujos de radiacion, y asimismo para la
preparacion de metodos adecuados de parametrizacion
de la transferencia de radiacion en la atm6sfera, que
puedan utilizarse para la creacion de modelos numericos
de la circulacion general de la atm6sfera. Esos datos son
tambien importantes para resolver otros problemas.
Igualmente interesantes son las conc1usiones relativas
a la relacion existente entre las divergencias del flujo
energetico perceptible y el radiante en la capa limite de
la atm6sfera. Esas conc1usiones se desprenden del analisis de los datos obtenidos mediante el experimento del
CAENEX. Tales resultados confirman la imposibilidad
de elaborar metodos de parametrizaci6n subreticulares
relativos a la interaccion entre la atmosfera y la superficie, sin la incorporaci6n de los procesos de radiacion.
En la Parte I de la presente publicacion se exponen
las ideas fundamentales del programa del CAENEX,
sus fines y caracteristicas principales, al igual que una
descripci6n general de las observaciones realizadas al
nivel de la superficie del globo y en la atmosfera libre,
que constituyen el sistema basico de observacion del
CAENEX.
En la Parte Il se hace una descripcion de los programas
de observaci6n compuestos, con motivo de las tres
primeras expediciones emprendidas dentro del citado
programa del CAENEX en 1970-1972.
Se consagra la Parte III a una descripci6n sucinta de
los resultados preliminares de esas expediciones, insistiendose particularmente en los resultados que se refieren
al experimento de radiacion completa; en el problema
de la absorcion de la radiaci6n de onda corta por los
aerosoles, y en el examen del fenomeno de interacci6n
que se produce con motivo del intercambio calorifico
debido a la radiacion y la transferencia calorifica perceptible en la capa limite de la atmosfera.

PEBIOME
HeCOMHeHHO, llTO rrpo6JIeMlll :mepreTlunI aTMOclflepbI P;OJIJRHbI SaHJITh n;eHTpaJIhHOe MeCTO RaR B
xop;e rrop;rOTOBRM R peaJIMSan;MM IIliJTAll, TaR M Ha
STarre BbIrrOJIHeHMH caMOM IIporpaMMbI MCCJIep;OBaHMM
rJI06aJIhHbIX aTMoclflepHbIx rrpOn;eccoB. ROMrrJIeRCHbIM 8HepreTMllecRMM 8RcrrepMMeRT (R8H8RC), rrporpaMMa M rrpep;BapMTeJIhHbIe pesyJIhTaTbI oCyIIJ;eCTBJIeHMH ROToporo HSJIaraIOTCH p;aJIee, rrpep;CTaBJIHeT
C060M Han;HOHaJIhHYIO rrop;rrporpaMMY IIliJTAll, rrpep;rrpMHHTYIO B COBeTcRoM COIOse C n;eJIhIO BceCTopOHHMX MCCJIep;OBaHMM TpaHclflopMan;MH SHeprHM B aTMOclflepe M ImepreTMlleCRoro BsaMMop;eMCTBMH aTMoclflepbI
H rrOp;CTHJIaIOIIJ;eM rrOBepXHOCTM. BbIrrOJIHeHHe CTOJIh
CJIOlliHOM
H
MHorOCTopOHHeM
rrpOrpaMMIll
RaR
R8H8RC rroTpe6oBaJIO yCHJIHM l\IHOrMX HayllHoMCCJIep;OBaTeJIhCRMX opraHMsan;HM M Ha rrepBOM STarre
6bIJIO CBHsaHO rrpellip;e Bcero C perneRMeM MeTop;MlleCRUX H opraHHsan;MOHHbIX sap;all BsaMMop;eMCTBMH
MHOrOllMCJIeHHbIX SJIeMeHTOB CJIOlliHOM MHorOROMrroReHTHOM CHCTeMbI B HaH60JIee rrpOCTbIx yCJIOBMHX
(6eso6JIallRaH aTMoclflepa, ropMSORTaJIhHO-OP;HOPOP;RaH rrOp;CTMJIaIOIIJ;aH rrOBepXHOCTh).
HaYllHaff rrp06JIeMaTHRa R8H8RC 6bIJIa CROHn;eHTpMpOBaHa B rrepBYIO Ollepep;h Ha perneHMH pffp;a BalliHhIX sap;all, CBffsaHHbIX C MCCJIep;OBaHMeM pap;HaI\HORRoro M Typ6yJIeHTHOro rrepeHoca SReprHM B aTMOclflepe. OP;HOM HS n;eHTpaJIhHbIX 6bIJIa sap;alla HSylleHMH BJIMHHMH aSpOSOJIH (lil oco6eHHOCTM - aSpOSOJIhHoro rrOrJIOIIJ;eHMff) Ha pap;Man;MOHHbIe rrOTORM M rrpHTORH TerrJIa. BalliHbIM acrreRTOM STOM sap;allM HBMJIOCb
MCCJIep;OBaHHe aSpOSOJIbHbIX slfllfleRTOB, rrpep;CTaBJIHIOIIJ;HX HHTepec C TOllRM speHMH OTBeTaHa BorrpOCbI 0
rrpHllMHax COBpeMeHHbIx MSMeHeHMM RJIMMaTa M BOSMOlliHOM Bosp;eMCTBHM lleJIOBeRa Ha RJIHMaT. Ms rrpep;CTaBJIHIOIIJ;HX cepheSHbIM HHTepec saMRHyTbIx ROMrrJIeRCOB Ha6JIIOp;eHHM SaCJIylliMBaeT 6bITh OTMelleHHbIM
oCYIIJ;eCTBJIeHHe lIoJIHoro Pap;Man;MoHHoro 8RcrrepMMeHTa (IIP8) B YCJIOBMffX 6eso6JIallHOrO He6a M rrpM

RaJIMllHM CrrJIornHOM 06JIallHOCTM. ,IJ;aHHbIe IIP9 P;OJIlliHbI MMeTb BalliHoe SHalleHMe P;JIff SRcrrepMMeHTaJIbROM
rrpOBepRM paSJIHllHbIX TeopeTHlleCRMX cxeM, rrpep;JIOllieHHbIX P;JIH paClleTa pap;Man;MOHHbIX rrOTOROB, H
paspa60TRH HaM60JIee ap;eRBaTHbIX MeTop;HR rrapaMeTpHsan;HM rrepeHoca HSJIylleHHH B aTMoclflepe, ROTOpbIe MoryT 6bITb MCrrOJIbSOBaHbI rrpH llHCJIeHHOM
MOp;eJIMpOBaHHH 06IIJ;eM n;MpRyJIHn;MH aTMoclflepbI H
p;m! perneHMH p;pyrMx sap;all. IIpHHn;MrrHaJIhHO BalliRoe SHalleHHe HMeIOT rrOJIYlleHHbIe B pesyJIhTaTe aHaJIMSa p;aRI-IbIX SRcrrep;Hn;HH « R8H9RC-71 » BbIBOP;bI 0
COOTHorneHHH pap;Man;MoHHoro H Typ6yJIeHTHOro rrpHTOROB TerrJIa B rrorpaHHllHoM CJIoe aTMoclflepbI. 8TM
BbIBOp;:&I cBMp;eTeJIbCTByIOT 0 HeBOSMOlliHOCTH paspa60TRH MeTop;MR rrapaMeTpHsan;MH MesoMacrnTa6Horo
BsaMMop;eMcTBHH aTMoclflepbI C rrOp;CTMJIaIOIIJ;eM rroBepxHocTbIO 6es YlleTa pap;Han;HOHHbIX rrpOn;eccoB.
B rJIaBe 1 HSJIOllieRbI 06ocRoBaHMe rrporpaJl'IMbI
R9H8RC, OCHOBHbIe ee sap;allM H oco6eHHocTM, a
TaRllie p;aHa 06IIJ;aH xapaRTepHcTMRa ROMrrJIeRCa Ha6JIIOp;eHHM Ha ypoBHe seMHOM rrOBepXHOCTH H B CBO60P;HOM aTMoclflepe, COCTaBJIHIOIIJ;HX OCHOBHyIO CHCTeMy Ha6JIIOp;eHHM R8H8RC.
rJIaBa 2 cop;eplliMT orrMcaHMe ROMrrJIeRCHbIX rrporpaMM Ra6JIIop;eHMM, oCyIIJ;eCTBJIeHHbIX B rrepHOp;
rrepBbIX Tpex sRcrrep;Hn;MM rro rrporpaMMe R8H9RC
B 1970-72 1'1'.
RpaTROM xapaRTepMcTMRe rrpep;BapMTeJIbHbIX pesyJIbTaTOB STMX sRcrrep;Hn;HM rrOCBHIIJ;eHa rJIaBa 3.
rJIaBHOe BHHMaHMe yp;eJIeHO sp;eCb MaTepHaJIaM lIoJIHoro pap;Han;MOHHoro sRcrrepHMeHTa, rrp06JIeMe rrorJIOIIJ;eHHH ROpOTROBOJIHOBOM pap;Han;MH aspOSOJIeM,
paccMoTpeHMIO pesyJIbTaTOB ROMrrJIeRCHblX HCCJIep;OBaHMM aTMOclflepHoro aSpOSOJIH, o6cyllip;eHMIO rrpo6JIeMbI BsaMMop;eMcTBMH JIyllMcToro M Typ6yJIeHTHOro
TerrJIoo6MeHa B rrOrpaHHllHOM CJIoe aTMOclflepbI.
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CHAPTER 1. BASIC IDEAS AND THE PROGRAMME OF CAENEX
1. INTRODUCTION

1. 1 General considerations
Progress made in applying the hydrodynamic theory
of climate and in numerical modelling of the general
circulation has led to increased interest in the problem
of numerical weather prediction for periods of up to
two weeks and longer. In practice, this problem can be
solved only with the help of computers whose speed and
memory exceed the best modern machines by about two
orders of magnitude. Prototypes of such computers are
currently being developed.
A more serious problem, however, is to obtain the
necessary initial basic meteorological data for the entire
globe. This problem will be solved when the objectives
of the World Weather Watch (JVWW) are achieved,
together with those of the associated Global Atmospheric
Research Programme (GARP).
It appears, in fact, that the global system of meteorological observations will operate as early as the mid-1970s,
thanks to a considerable extent to the use of satellites,
as evidenced by the progress made in meteorological
indirect atmospheric sounding (Kondratyev and Timofeev (1970») and also by the progress of the remote
sensing of environment (Vinogradov and Kondratyev,
1971).
The third and most serious problem in long-term
numerical weather prediction is the inadequacy of our
understanding of the atmospheric physical processes
which determine weather and climate changes. This is
particularly true in the case of atmospheric energetics and
heat flux divergence which are of exceptional importance
when considering long-period processes which are essentially diabatic.

The plans of Soviet meteorologists in connexion with
the preparation and carrying out of GARP were presented
by Fedorov (1970). The aim of the present review is to
describe the objectives and give preliminary results of
fulfilling the sub-programme the "Complete Atmospheric
Energetics Experiment" (CAENEX). The subject matter
of this sub-programme is the problem of atmospheric
energetics (Kondratyev et aI., 1970a).
The problem of energetics and heat flux divergence is
many sided (Report of the Study Conference on GARP,
1967; Lorenz, 1967). Without dwelling upon the very

important problems of transformation and conversion of
different types of energy (kinetic, potential, internal) the
author will confine himself to a series of questions concerning radiation factors of weather and climate, drawing
attention to the most important problems which are still
unsolved. It may be pointed out that detailed consideration of energetics and heat flux divergence has been given
in some recent publications (Kondratyev, 1972; Marchuk,
1972).
The most consistent theories of the general circulation
and climate are based on the assumption of a given heat
inflow from the outside (solar insolation outside the
atmosphere), consideration of the main types of heat
flux divergence in various layers of the atmosphere,
interaction between the atmosphere and the underlying
surface, and the earth's heat loss to space on the basis
of approximate techniques describing radiative transfer
in the atmosphere. It is of importance in this regard
to correctly describe the mutual conversion of different
types of energy. To be successful in considering the
radiation effects, an accurate description of the underlying surface responsible for radiative transfer is required,
and adequate theoretical schemes of radiative transfer
are also needed. The physical characteristics may be
conveniently divided into two categories: (1) Characteristics of the elementary interactions between the field
of radiation and the ambient medium (quantitative characteristics of the absorption spectra of individual atmospheric components, scattering coefficients and functions,
optical parameters, concentration and size distribution
of solid aerosols, etc.); (2) Integral characteristics describing the field of radiation itself (emission by the earth's
surface, clouds and the surface-atmosphere system,
vertical profiles of radiative fluxes in the free atmosphere, etc.).
The physical characteristics of the first category are
of particular importance for closed schemes of numerical
modelling of the general circulation. As concerns the
integral characteristics, they are of paramount importance for semi-empirical theories of climate (Budyko,
1971, 1972).
The main conclusions to be drawn from an analysis
of the available material are as follows (Kondratyev,
1968):
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(1) we now possess sufficient experimental data on the
quantitative characteristics of the absorption of radiation
(both short-wave and long-wave) by gases of the atmosphere which makes it possible to calculate the atmospheric molecular absorption with satisfactory accuracy;
(2) information on the optical and microphysical characteristics of atmospheric aerosols (clouds and solid·
aerosols) is not yet adequate (Zuev et aI., 1972). Even
data on the optical properties of cloudiness, the main
regulator of atmospheric energetics, are insufficient
(especially as regards middle- and upper-level clouds).
To a still greater degree this refers to the solid aerosol.
Not only the optical properties but also the vertical
profile of concentration and the size distribution of the
atmospheric aerosols need further investigation (Kondratyev, 1969, 1972a).
The present state of the problem of characteristics
of elementary interaction between radiation and an
ambient medium is such that much further research is
required before the theoretical description of radiative
transfer with the given characteristics of interaction
becomes sufficiently reliable in all aspects. In this discussion it therefore seems advisable to concentrate on
the possible use of the integral characteristics. It is
important that sufficient information on these characteristics is available for checking and improving the approximate theoretical descriptions of radiative transfer;
on the other hand, some possibilities exist to apply semiempirical parameterization for investigation of radiation
effects. In this connexion let us tllfll first to the radiation
balance of the surface-atmosphere system. A fundamental problem is the determination of the solar constant.
1.2 Solar constant
Recent investigations (Kondratyev and Nikolsky,
1968, 1970, 1971; Kondratyev, 1972b) have shown that
the currently used value of the solar constant of 2 cal.cm-z
min-i is too high. During recent years Soviet balloon
studies were carried out which indicated a solar constant
value of 1.94 cal.cm-z min-i • This value has been confirmed by subsequent findings of other authors (Drummond, 1970, 1971; Drummond and Hickey, 1972;
Thekaekara and Drummond, 1971, 1972, etc.).
A more important fact is that a relation may exist
between the solar constant and solar activity as determined by the Wolf number.
A maximum value of the solar constant was observed
with Wolf numbers at about 80-100. Also, a decrease
was observed in the solar constant as the Wolf number
increased (or decreased) from this value. The maximum
possible reduction of the solar constant might attain
2-2.5%.

The thermal regime of the atmosphere is very sensitive
to the value of the solar constant. According to data
given by Manabe (1972), preliminary calculations of the
dependence of the average temperature of the earth's
surface upon the solar constant So, taking into account
the feed-back relation between the snow-cover and
temperature, have shown that variations of the order
of 2 per cent in So lead, as a rule, to temperature changes
up to 2.5-3°C. The largest increase of temperature
takes place in the polar zone (the above calculations
do not take into account the feed-back effects of clouds).
Thus, the variations of 2-2.5 per cent in the solar constant may be of paramount importance for the climatic
regime. Such large variations certainly require further
confirmation. It is beyond doubt, however, that the
commonly used value of the solar constant should be
adjusted to a lower figure and that direct and absolute
measurements of the solar constant should be made
from spacecraft outside the earth's atmosphere.
1.3 Surface-atmosphere radiation balance
Until recently our knowledge of the global distribution
of the radiation balance of the surface-atmosphere system
was based almost entirely upon data derived from
calculations. A most important work in compiling
charts from calculations of the earth's radiation balance
was conducted by Budyko and collaborators (1971).
Actinometric data from meteorological satellites have
made it possible for the first time to compare calculated
climatological charts of the surface-atmosphere system
with actual measurements. However, from the beginning such comparisons could only be approximate, since
the amount of sateilite measurements was limited from a
climatological point of view. In a recent publication
by Yonder Haar (1968), the processed satellite actinometric information is sufficiently complete, having climatological characteristics averaged over periods of a
year, the seasons and months, and covering practically
the entire globe.
.
Yonder Haar and Suomi (1971) used very extensive
satellite actinometric information obtained by means of
wide-angle sensors and applied a suitable method of
processing based on on-board calibration. The processing procedure was assumed to exclude most random
errors. The errors in determining the average values of
radiation balance and its components do not exceed a
few per cent. However, it is quite evident that making
use of wide-angle sensors results in large spatial smoothing (over an area of more than 106 km) which leads
to the loss of many important details of global distribution of radiation balance. This fact entailed a discussion
on wide-angle sensor results (Suomi and Vonder Haar,
1972; Winston, 1972).
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A comparison of the observational annual charts of
the global radiation balance with the calculated climatological charts shows that there is satisfactory qualitative
agreement between the radiation balance fields (Kondratyev, 1971). For instance, the zones of maximum radiation balance in the equatorial latitudes coincide. However, the calculated values are notably lower than those
which are measured. The radiation balance is observed
to decrease polewards and the zero isolines (from both
calculation and measurement) in the Northern and
Southern Hemispheres are located in the vicinity of
latitude 40°. In the Southern Hemisphere the distribution of the radiation balance is almost zonal due to the
homogeneous underlying ocean surface.
In analysing the data on the radiation balance components (albedo and outgoing long-wave radiation) one's
attention is attracted by the fact that the calculated
albedo values are significantly higher than those which
are observed, especially at low latitudes, which accounts
for the previously mentioned lower calculated radiation
balance values. The calculated albedo values are higher
than those which are observed in all latitudinal belts.
The discrepancy appears to have been due primarily
to an overestimation of the amount and density of clouds
when calculating the albedo of the surface-atmosphere
system. It is probable that the inadequacy of the initial
cloud albedo data used in calculations and the marked
"topography" of convective clouds at low latitudes are
responsible for this discrepancy. The "macro-roughness"
in cloud distribution may, in fact, result in a significant
decrease in the earth's albedo.
However, we cannot completely ignore the possible
effects of errors in the satellite measurements as well as
the somewhat inadequate volume (climatologically) of
the available satellite actinometric information.
Therefore a first comparison of calculated climatological charts and those obtained from measurements of the
surface-atmosphere radiation balance and its components has shown that it is necessary to correct the calculated values, especially those of the albedo. The
discrepancies revealed have not yet been adequately
explained and require further investigation.
A very interesting fact noted by Vonder Haar and
Hanson (1969) is that a great amount of solar radiation
absorbed by the surface-atmosphere system in tropical
latitudes mainly results from absorption of radiation by
oceans. Since oceans have a high thermal inertia, this
fact plays a significant role in the theory of climate and
the general circulation of the atmosphere.
In this connexion it is most important that more data
using reliable methods of measurements be obtained.
This problem is of particular relevance from the point
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of view of climate change (Budyko, 1972). A recent
publication by Yonder Haar (1972) contains brief characteristics of the present state of investigation of the
radiation balance variability.
The above discrepancies imply that any description of
the heat exchange between the earth and outer space
obtained by calculation needs careful verification against
observed values. In view of the further development of
satellite meteorology, it may be concluded that for optimum development of numerical methods of long-range
weather prediction, in so far as radiation factors are concerned, radiation balance components in the form of
satellite actinometric data should be used instead of
trying to represent the atmosphere as a completely selfdetermined system.
1.4 Radiative flux divergence
Turning now to the problem of radiative flux divergence in a free atmosphere, it should be pointed out that
there is absolutely no basis here for the widely-held
belief that the problem of calculation of radiative flux
divergence due to both long-wave and short-wave radiation has been solved. This conclusion is premature.
Analysis of balloon measurements of the radiation
balance and its components at altitudes up to 30 km
shows that significant factors in determining radiative
flux divergence are: the absorption of short-wave radiation by aerosol; the marked influence of scattered radiation; a notable reciprocally compensating effect between
the radiative flux divergence due to short-wave radiation
and long-wave radiation. These factors are not usually
given full consideration in the schemes of radiation transfer used in numerical modelling of the general circulation.
In this connexion Kondratyev, Nikolsky and Vulis
(1969) undertook an experimental verification of the
theoretical scheme suggested by Manabe and Strickler
(1964) for calculating the short-wave radiation fluxes for
incorporation in numerical modelling of the general
circulation. At the same time the Shifrin-Avaste (1960)
technique was used to calculate the solar radiation absorption. Good coincidence was observed between the
calculated values, which may be attributed to the use
in both cases of the same absorption coefficient for water
vapour and carbon dioxide.
However, fairly significant deviations are observed in
computed fluxes of direct solar radiation as compared
with those measured in the lower troposphere. In fact,
these deviations may amount to 100% in the lower troposphere, being very much greater in summer than in
autumn. These deviations are probably due to the effect
of aerosol attenuation, which is not adequately taken
into account in theoretical schemes. A correlation has,
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in fact, been found between the aerosol component in
solar radiation attenuation and the relative humidity.
Comparison of the observed and computed values in
respect to fluxes of reflected radiation shows that in this
case the deviation is about 10 per cent and does not go
above 20 per cent in autumn, although it does increase
appreciably in summer. The calculated short-wave net
radiation values differ from the observed values by
20 per cent, on an average, to a maximum of 40 per cent.
Accordingly, the difference between the calculated and
measured values of the radiative temperature variations
is highly considerable. It is also important that the
experimental data reveal a still more complicated vertical
profile of the radiative temperature variations. This
means that at present we cannot give a correct theoretical
description of the radiation transfer, even under conditions of cloudless sky.
The problem of the influence of aerosol on the radiation transfer and, in this connexion, the problem of the
investigation of concentration field, size distribution and
optical properties of atmospheric aerosol are of fundamental importance (Gille, 1972; Kondratyev, 1972a;
Robinson and Drummond, 1971; Yolz, 1972a, b; Yonder
Haar and Cox, 1972). From the point of view of obtaining the information for verification of the schemes of
radiation processes parameterization, the realization of
the Complete Radiation Experiment is highly significant
(Kondratyev, 1968; Maller and Rodgers, 1970).
1. 5 Sensible heat transfer
In describing the physical processes in the boundary
layer of the atmosphere it is necessary to take into account
the energy transfer due to the sensible, latent heat and
momentum.
Methods of incorporation (sub-grid parameterization)
of the processes of sensible heat transfer in the boundary
layer of the atmosphere may be different. For instance,
we can determine the fluxes of various substances (heat
content, momentum, etc.) from the known vertical gradient of the corresponding averaged values and the given
eddy diffusion coefficient which depends on many factors
and is insufficiently studied.
In the case of numerical modelling, it is more advisable
to use the integral characteristics of the boundary layer
without describing its internal structure. In this respect,
the incorporation of the interaction between the sensible
and radiation heat exchange is of great importance.
It is known that turbulent fluxes, while having maximum values close to the earth's surface, strongly decrease
with altitude within the boundary layer and at the level
of approximately 1-1.5 km they become insignificantly

small. If we suppose that the turbulent fluxes at the top
of the boundary layer are equal to zero, then we can use
the fluxes at the surface level as the integral characteristics. Thus, the problem consists of determining the
flux at the surface level, taking into consideration the
geostrophic assumption and stratification of the whole
boundary layer.
The inter-relation between the turbulent fluxes, the
distribution of meteorological parameters in the boundary
layer and the nature of the surface may be found from
theoretical schemes of the boundary layer.
However, in connexion with the fact that the theoretical
schemes do not present a full description of the processes
in the boundary layer (which especially affects the values
of the turbulent fluxes and flux divergences), it is necessary to define this inter-relation more exactly using the
experimental data. Considerable attention should be
paid to investigation of non-stationarity of processes in
the boundary layer, due to daily variations of the solar
radiation flux to the surface.
It is most important to undertake investigation of the
vertical structure of the surface and planetary boundary
layers, to clear up the application limits of the idea of
quasi-stationarity of the surface layer. It is well known
that the most powerful mechanism responsible for energy
transformation in the atmosphere is the formation and
dissipation of clouds. Heat consumption during evaporation constitutes about one-third of the absorbed solar
radiation and 15 times exceeds the rate of kinetic energy
generation.
The condensation heat produced in the process of
cloud formation is a gigantic energy source for the atmosphere. The formation of cloudiness radically changes
the radiation field. This draws particular attention to
investigation of cloudiness as a factor of atmospheric
energetics.
Serious efforts should be undertaken in this connexion
to study the importance of heat flux divergence due to
water transformation in the atmosphere and the nature
of interactions between cloudiness fields, radiation,
humidity, temperature, vertical motions, etc. All this
leads to the investigation of energetics of an atmospheric
limited volume. This investigation was first undertaken
in connexion with the BOMEX programme (BOMEX
Bulletin, 1969-1972).

1. 6 "Sensitivity" problem
It is well known that the significance of correct incorporation of energetics factors of the general circulation is
determined by sensitivity of the atmosphere to changes
of these factors. For that matter it is necessary to point
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out that current results on the theory of climate and
numerical modelling of the general circulation are not
sufficient for investigation of the "sensitivity" problem
(Kondratyev, 1972a).
One can point out, for instance, that according to data
on numerical modelling carried out by Kasahara and
Miyakoda (1972), the variations of long-wave radiative
heat flux divergence of 10 per cent (introduced every
hour and a half, according to random distribution) do
not affect the essential changes in calculations over a
period of 10 days. However, errors of 20 per cent must
apparently entail considerable consequences.
Washington (1971) has come to the conclusion that
wind measurement errors (± 3 m/sec) permitted by
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GARP requirements and temperature measurement
errors (± 1°) affect the results more seriously than the
uncertainty of the radiative flux divergence reaching
10 per cent.
Thus, it is not yet clear what schemes of parameterization of the radiative processes are most adequate and
when it is necessary to incorporate the radiation factors.
However, there is no doubt that one of the main problems of contemporary meteorology - incorporation of
the diabatic factors of the general circulation - can be
successfully solved only by making use of semi-empirical
schemes and of statistical parameterization methods with
maximum usage of all available experimental data.

2. MAIN PROBLEMS AND FEATURES OF CAENEX
The considerations presented above permit us to draw
Under the CAENEX programme, the main lines of
the conclusion that in the process of the realization of research provide for the solution of the following probthe Global Atmospheric Research Programme (GARP) lems:
it is of utmost importance to implement the Complete
1. The solar constant and its possible variations.
Atmospheric Energetics Experiment (CAENEX), in
2. Study of regular features and factors determining
order to make a comprehensive investigation of atmospheric energetics and energy interaction between the radiation fluxes and heat flux divergence in the tropoatmosphere and the surface. The general purposes of sphere:
CAENEX are: the investigation of the transfer of all
(a) Vertical profiles of the radiation balance and its
categories of energy and all kinds of heat flux divergence components.
in the atmosphere; the analysis of the factors which are
(b) Spectral distribution of short-wave and long-wave
responsible for these processes under various conditions; radiation fluxes and divergences.
the elaboration, on this basis, of recommendations for
(c) Aerosol in the free atmosphere: the vertical distaking account of energetic factors of the thermal regime
tribution of particle number concentration, size distribuand dynamics of the atmosphere. It is quite natural that
tion, chemical composition and optical characteristics of
an experiment of this kind is rather complicated and can
aerosol particles.
be carried out only on a local basis by organizing com3. Development of approximate methods of the
posite expeditionary investigations in typical physicogeographical regions (desert, steppe, forest, water phenomenological theory of radiative transfer, comparibasins etc.). Therefore the experimental basis of son and verification against experimental data.
CAENEX consists of a number of expeditions during the
4. The effect of various layers of cloudiness with
period 1970-1975, the programme of which gives full different optical and microphysical characteristics on
information about the energetics of a closed volume of radiative fluxes and flux divergences. Study of the posthe troposphere with a horizontal extent up to 200- sibility of using approximate methods of cloudiness
300 km. A detailed aircraft, balloon, radiation and incorporation.
aerological sounding of the atmosphere is to be carried
5. Statistical relationships (from measurement data)
out vertically in the central point of this volume.
of the quantitative characteristics of the radiation field
Such a sounding will be filled with aircraft route
and parameters describing the composition and structure
measurements, data on the aerological sounding at the
of the atmosphere, as well as of cloudiness properties.
periphery, and also with the results of satellite measureDevelopment of methods for statistical parameterization
ments (when meteorological satellites are orbiting over
of radiation factors of the general atmospheric circulation.
the region under investigation). The choice of the set
6. The heat balance ·of the underlying surface: relation
of observations is determined by requirements for closing
the energetic balance in different layers of the atmosphere between the components, daily variations, the influence
and at the level of the surface with the given accuracy. of surface slope. Investigation of the degree of horizontal
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homogeneity of the underlying surface from data on
spectral and radiation measurements made from aircraft.
7. Energy fluxes and energy flux divergences in the
surface and boundary layers of the atmosphere associated
with heat transfer, radiation, momentum and moisture.
The relationship between turbulent fluxes and distribution of meteorological parameters. Analysis of approximate schemes of calculation of the interaction between
the surface and the atmosphere, and their experimental
verification.
8. The earth/atmosphere heat balance: heat balance
components, their variability against the determining
factors, the spatial-temporal meso- and macrostructure of
heat-balance components' fields.
9. Studies of the influence of various factors of atmospheric energetics on the thermal regime and dynamics
of the atmosphere. Experimental verification of the
schemes accounting for energy factors in numerical
modelling. Development of approximate schemes for
parameterization of energy factors on the basis of experimental data.
For accomplishing the experimental work according
to the mentioned subjects, the organization of a "quasistationary" site is planned as well as the carrying out
of periodic observations (over time spans of 1.5-2 months)
at different places. For periodic studies, the expeditions
will be provided with IL-18 aircraft and MI-1 or MI-4
helicopters as well as instrumentation for actinometric
radio-sounding, and radar and laser soundings. In the
course of the expeditions data should be obtained on the
radiation characteristics and the atmospheric composition and structure (in the layer 0-30 km) by means of
balloons as well as satellite measurements.
It is the intention to use as far as possible the existing
meteorological and aerological network in the regions
under investigation. With this end in view, observations
are provided· at the stationary network over additional
periods and by an additional programme.

In connexion with the necessity of excluding the influence of local conditions (which is important, in particular

for correct comparison of aircraft and balloon measurement data withsurface measurement data), fairly extensive
regions will be chosen (about 200-300 km) which are
homogeneous as to the underlying. surface, and are at a
reasonable distance from mountains and water basins.
Practicable intervals of averaging the measured values
vary from hundreds of meters up to tens of kilometers.
Observations for solving the above problems are planned
for 1970-1975 over surfaces with different dynamic
(ground, water) and physical properties (albedo, thermalphysical characteristics, roughness etc.) as well as under
the conditions of a large city. The latter is determined
by the desire to investigate the features of city climate
and their global aspects, associated with atmospheric
pollution (Berlyand and Kondratyev, 1972).
During recent years, in connexion with preparations
for GATE and the Global Experiment, considerable
attention has been paid to "radiative blocks" of these
programmes (Summary of Atmospheric Radiation Conference, 1970; Summary of Findings of BOMEX Radiation and Particulate Investigations, 1970; Major Problems in Atmospheric Radiation, 1972; Global Environmental Monitoring, 1972; and GARP Publication§
Series No. 11, The First GARP Global Experiment
- Plans and Objectives, 1973; Gille, 1970, 1972; Kellog,
1970; Kuhn, 1971; Moller and Rodgers, 1970; and
Vonder Haar, 1971).
It is of great interest to discuss the requirements for the
specification of observational parameters directed at the
solution of the problem of climate variation (Inadvertent
Climate Modification: Report of Study of Man's Impact
on Climate, 1971; Importance of GARP and the First
GARP Global Experiment for the Study of Climatic
Variability and Change, 1972; and Global Environmental
Monitoring, 1972; Berlyand and Kondratyev, 1972; and
Matthews et aI., 1971).
In the development of the observing programme of
CAENEX, Kondratyev et al. (1970a) aimed at complete
accomplishment of the above objectives as well as at
achieving universality of this programme. Let us now
turn to a brief description of observations of the CAENEX
programme.

3. BASIC OBSERVATIONS OF THE COMPLETE ATMOSPHERIC ENERGETICS EXPERIMENT
3 . 1 Surface observations
1. Determination of vertical gradients of temperature,
humidity and wind speed in the lower 20m layer of the
atmosphere.
2. Measurement of the radiation balance components
and radiation temperature of the surface.

3. Determination of the heat balance components of
the surface by direct methods and by methods of calculation.
4. Measurement of the soil temperature at different
depths and thermophysical characteristics of the
soil.
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5. Experimental measurements of the radiative flux
divergence in the surface layer of the atmosphere.
6. Investigation of energy distribution in the shortwave radiation spectrum and spectral atmospheric transparency.
7. Ozone observation.
8. Actinometric observation at several sites (an existing network of actinometric and heat-balance stations
is used).
9. Pilot-balloon observation: distribution of mean
wind vector; investigation of turbulent energy dissipation
from balanced balloon observations.
10. Helicopter vertical sounding - investigation of
the vertical profiles of radiation fluxes in the boundary
layer. Measurements oftemperature, humidity, pressure,
temperature fluctuations and helicopter overloads. Sounding is performed at heights up to 2.0-2.5 km.
11. Balloon soundings (tethered balloons): measurements of pressure, temperature and humidity of air, mean
wind speed and fluctuations of the horizontal and vertical
wind speed components in the boundary layer.
12. Radio soundings from several stations (information
from the existing network of stations is used).
13. Actinometric sounding (radiation sondes) and frequent radio soundings at surface observation stations.
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4. A set of meteorological measurements for determining the vertical profiles of pressure, humidity, temperature; temperature fluctuations, aircraft overloads,
wind and cloud characteristics.
5. Comprehensive measurements of aerosol in the free
atmosphere (vertical profile of number density, size distribution, chemical composition, optical characteristics).
Having taken into consideration the fact that the duration of one measurement series changes greatly for different types of instruments (from 5 sec. up to 15 min.), the
complete set of measurements can be accomplished only
for a limited number of heights. In this connexion the
aircraft vertical soundings programme has been specified
depending on the particular aim of the experiment. Two
programmes of vertical soundings are most common:
1. Vertical soundings at the standard levels of 950,
850, 700, 500, 300 mb at which measurements of upward
and downward spectral and total radiation fluxes are
made, including a number of supplementary measurements. Spectral instruments used for the measurement
of angular distributions are directed only at the nadir.
2. Vertical soundings at the standard levels of 950,
700 and 300 mb at which, besides measurements of spectral and total fluxes, measurements of the angular characteristics of the radiation field are made with simultaneous
measurements of meteorological quantities.

14. Measurements of aerosol concentration and size
distribution at different heights in the surface layer and
in the free atmosphere.

Similar instrumentation is installed in two IL-18 flying
laboratories, thus making it possible to perform synchronous measurements at two levels excluding sun height
corrections.

3 .2 Aircraft observations

In the presence of overcast cloudiness, a spectral series
of measurements is made above and below the cloud
layer.

The most important part of the CAENEX programme
was the making use of the IL-18 flying laboratories. In
this connexion an aircraft study of the radiation fluxes
in the free atmosphere was anticipated. Vertical aircraft
soundings were accomplished over selected areas of the
homogeneous underlying surfaces at fixed levels. Aircraft measurements included numerous radiative and
meteorological characteristics of the atmosphere and the
surface. These can be divided into 5 groups:
1. Measurements of spectral and total upward and
downward short-wave and long-wave radiation fluxes.
2. Measurements of spectral and angular distributions
of upward and downward short-wave and long-wave
radiation intensities.
3. Multi-channel images of the surface in various
spectral intervals as well as of radiation temperature maps
for evaluation of optical inhomogeneity of the surface.

When using one aircraft, measurements of the vertical
profiles of the spectral radiation fluxes are made during
fast descent, which practically exclude the need for sun
height correction.
Supplementary meteorological measurements are performed continuously. According to the first programme,
aircraft flights are performed at each level with azimuths of 0-360° and 90°-270° relative to the sun. Flight
duration at each level is about 30 minutes, and the
total flight duration - the flight to and from the experiment site included - is about 5 hours.
According to the second programme, two passes over
each site are performed with an azimuth of 0-360° and
90°-270° relative to the sun. Flight duration over the
site is about 1 hour; the total flight duration in this case
is 5 hours.
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When sounding at night time, flights over the sites are
performed in two perpendicular directions, which corresponds to daytime sounding.
Measurements are performed in clear or overcast conditions. The beginning of the sounding is 1 hour
30 minutes before noon or midnight (local time). At
each site the instrumentation performs a continuous
recording of the measured values. Spectral instruments
intended for measurements of the angular distribution
of radiation intensity perform measurements at zenith,
at nadir and at angles of ± 60° and ± 80° in the front
or back hemisphere, depending on the location of the
field of view.
Aerial photographing and obtaining infrared images
under cloudless conditions is performed at 300 and

700 mb levels. In the presence of cloudiness, the cloud
cover is photographed giving high quality images.
The programme described above has been specified
depending on the particular goals and resources of each
expedition. For instance, the participation of a large
group of collaborators from the Institute of Atmospheric
Physics of the U.S.S.R. Academy of Sciences made it
possible to enlarge that part of the programme related
to the investigation of sensible heat fiuxes and momentum
on the basis of direct measurements (Kondratyev et al.,
1972). The urban CAENEX-72 programme was also of
a specific character (Berlyand and Kondratyev, 1972).
For a more specific description of the types of observation instrumentation used, it is worth considering the
main features of the following three expeditions accomplished in 1970-1972 under the CAENEX programme.

CHAPTER 2. THE FIRST THREE EXPEDITIONS UNDER THE CAENEX PROGRAMME
(1970-1972)
During 1970-1972 three expeditions were carried out:
CAENEX-70 (the Kara-Kum Desert), CAENEX-7l (a
steppe of the North Kazakhstan) and CAENEX-72 (the

city of Zaporozhye). Brief descriptions of the goals
and programme of observations for each of these
expeditions are given below.

1. CAENEX-70
The first expedition under the CAENEX programme
was carried out in the desert region of Central Asia in
1970. It was conducted by the Voyeykov Main Geophysical Observatory (MGO) , in cooperation with the
Central Aerological Observatory (CAO), the Leningrad
State University (LSD), the Central Asian Department
of the Hydrometeorological Research Centre of the
U.S.S.R (CADHRC), the Institute of Deserts of the
Academy of Sciences of the Turkmen S.S.R. (IDAS),
the Vavilov State Optical Institute (VSOI) and the Ioffe
Agrophysical Institute (IAI) (Kondratyev et aI., 1971a).
The choice of the experiment area was determined by
the desire to perform measurements during the first stage
of the experiment under the simplest possible conditions:
over a relatively homogeneous underlying surface and
with a cloudless sky.

desert research station). Aerological and actinometric
soundings of the atmosphere (2-3 times during night
time) were performed at the Chardzhou aerological station where, besides the standard sounding, additional
soundings were carried out with radiosondes of improved
accuracy. In the surface layer of the atmosphere, in the
vicinity of Repetek, an MI-1 helicopter sounding was
performed. Spectral and total radiation fluxes, meteorological parameters and characteristics of aerosols in the
free atmosphere were measured on board two IL-18 flying
laboratories of MGO and CAO in two regions: in the
vicinity of the Repetek station and in the central, most
homogeneous part of the Kara-Kum desert, west of the
Dargan-Ata settlement.

1. 1 General description of the types of observation
In the course of the expedition surface, aerological
and aircraft investigations were performed. The main
goal of these investigations was the development of
observational techniques for the surface layer and the free
atmosphere. However, besides the development of the
observational techniques it proved possible to study some
specific problems of CAENEX, the preliminary results
of which are discussed in detail in a separate publication
(Kondratyev and Orlenko, 1972). These concern energetic interaction between the atmosphere and the underlying surface as well as determination of heat divergence
in the atmosphere.
In conducting the observational programme (surface,
aerological and actinometric observations, and aircraft
and helicopter soundings) about 120 scientists, engineers
and technicians took part as well as the main staff of the
surface stations and crews of the aircraft (two IL-18
flying laboratories) and a helicopter.
The surface expedition was located in the south-eastern
region of the Kara-Kum desert (the region of the Repetek
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Figure 1 shows the experiment regions and an approximate schedule of flights. When sounding in the region
ofDargan-Ata, at each level the flight paths were oriented
relative to the sun by the method indicated in the figure.
1. 2 Observation conditions
In the course of the expedition (4-29 October, 1970)
the weather in the region of Repetek - Chardzhou Ashkhabad was in general unstable. Stable and clear
weather, determined by the influence of the vast region
of high pressure over the area of Central Asia, was
observed only occasionally: 4-8 October, 11-14 October
and 20-25 October. On the remaining days formation
of clouds at upper and middle layers was observed, and
on some particular days formation of cumulonimbus
clouds with heavy showers of short duration occured.
The daily air temperature in clear weather was +240_
+ 26°C during day time and 0 - + 100C during night time.
The underlying surface in the vicinity of Repetek,
where the surface observations and flights were made, is
a desert consisting of ridges and sand dunes with vegetation covering up to 40 per cent of the area in some
places. The height of the sand dunes is usually 1 to
3 metres, while the ridges rise to 20 to 25 m; as a rule
the upper parts of the hills are devoid of vegetation.
The alignment of the sand-hills is generally north-south.
The Dargan-Ata area, over which the flights took
place, also has a small-scale sand-hill structure with
evenly spread vegetation covering about 5 to 10 per cent
of the surface. The sand-hills are oriented north-south.
To the east of the centre of the region the vegetation
decreases somewhat and more drifting sands are found.
Along the eastern border of the region thete are patches
of salt marshes and reddish sand without vegetation.
Along the south-west border there are extensive patches
of "takyrs" and salt-marshes. The non-homogeneous
areas are situated only along the borders of the selected
region and cover less than 20 per cent of the territory.
The observation carried out at the surface station of
Repetek corresponds fairly well to the programme indicated above (Chapter I).

1.3 Observation methods
The observations were performed in series, each lasting
several hours. The main condition in the choice of
observation period was the insignificant temporal change
of radiation fluxes at that time. The periods of 11 a.m.2 p.m. and 1-4 p.m. local time approximately met this
condition.
In addition, the surface group performed the boundary
layer observations at moments when the state of the
surface layer was nearly stationary. Analyses indicated

that the periods 3-5 p.m. and 5-7 a.m. local time met
these conditions.
For obtaining a description of the daily variation of
meteorological variables and of heat balance components,
24-hour series were also performed. The observation
scheme for a 24-hour series is given in Fig. 2.
Actinometric observations were most fully accomplished. The programme provided measurements of radiative characteristics of the surface and radiation .fluxes
(both short-wave and long-wave) from the surface level
up to the altitude of the order of 9 km (up to 20-30 km
at night) by means of various instrumentation.
TABLE I
CAENNEX-70: Values to be measured, instrumentation
and measurement altitude
Value to be
measured

Direct solar
radiation
Scattered
radiation

Reflected
radiation

Total
radiation
Long-wave
downward
radiation

Long-wave
upward
radiation

Radiation
balance

Instrumentation

Height
(layer of
measurement)

lm
Actinometer
with heliostat.
lm
Actinometer
with changeable
filters
Yanishevsky
lm
pyranometer
1m
Albedometer
25, 50, 100,
Albedometer
200,300,
500,750,
1,000,
1,250,
1,500,
2,000 m
1m
Yanishevsky
pyranometer
Kosyrev
1m
pyrgeometer
MGO
1m
radiometer
Kosyrev
lm
pyrgeometer
MGO
lm
radiometer
MGO
25, 50, 100,
200,300,
radiometer
500,700,
1,000,
1,250,
2,000 m
1m
Yanishevsky
balance meter
lm
Heliocompensated
instrument
Actinometric
up to
sounding
30 km
(at night)

Note

1
{

Helicopter
measurements

{

I

Helicopter
measurements

-

( Continued)
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TABLE I (concluded)
CAENNEX-70: Values to be measured, instrumentation
and measurement altitude

Value to be
measured

Radiative
heat flux
divergence

Instrumentation

I

Kosyrev
pyrgeometer
Total
radiometer
Assman
psychrometer
Resistance
thermometers
Electrometeorograph

Air temperature and
humidity

Mechanical
meteorograph
Radiosonde

Contact
anemometers
Wind speed
Pilot-balloon
observations
Radiosonde
Wind
Pilot-balloon
direction
observations
AFI radiation
thermometer
MGO
radiometer
Surface
"Thermotemperature
spider"
Resistance
thermometers
Standard
thermometers
MGO
Soil temperaresistance
ture at
thermometers
several
AFI
depths
thermometers
Thermo-physical MGO sensors
characteristics
AFI spherical
of the soil
sonde

1
{

Height
(layer of
measurement)

0,5; 2,4;
8,Om
0,25; 0,5;
10; 20 m
2; 4; 8;
9,7m
25, 50, 100,
200,300,
500 m
750,1,000,
1,250,
1,500,
2,000 m
100 m30 km
0,15; 0,25;
0,5; 1,0; 2,0
25-3,000 m

Note

Helicopter
measurements

100m-30km
25-3,000 m

2,5,10,
15,20,40,
80 cm

1

Soil humidity

j

Neutron
humidity
sensor
Weighted
method

5,15 cm
30,60,
120 cm
2-200 cm
2-200 cm

Information about characteristics to be measured, instrumentation and measurement heights at stations of
surface observation, is tabulated in Table I. A detailed
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TABLE II
Aircraft measurements

Instrumentation

Spectral
range
Jlm

Pyranometers

0,3-3

Field
of view
(0)

Duration
of one
measurement

180

3 min.

Upward
and downward total
short-wave
radiation
fluxes

Characteristics
to be
measured

Kosyrev
pyrgeometer

3-30

180

3 min.

Long-wave
fluxes

K-2 spectrometers

0,3-1,0

180

3 sec.

Spectral
distribution
of shortwave fluxes

Wide-angle
radiometer

3-30

150

3 min.

Upward
flux

SP-102 spectrometer

2-5,5

1,5

6 min.

Angular
distribution
of spectral
radiation
intensity

SM-123 spectrometer

6-14,0

1,5

15 min.

The same

30

10 sec:

The same

SPI-2M spectrometer

0,4-2,5

IKSS-2 spectrometer

2-25

0,5

10 min.

Atmospheric
transparency

IR scanning
radiometer
TV-60M

2,5-5,5

6

15 sec.

Infrared
images of
the surface
and clouds

Aerial
camera
AFA-41,
AFA-37

0,4-0,7

variable

Pictures of
the surface
and clouds

Continuous
aerosol
impactor

Aerosol
concentration and size
distribution

Airborne
thermohygrometer

Temperature
temperature
fluctuations,
humidity,
pressure

description of the observation methods was presented in
a special publication on the CAENEX-70 expedition by
Kondratyev and Orlenko (1972).
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It is necessary to mention that helicopter sounding of
the boundary layer was performed with the help of the
MI-l helicopter in the expedition area of 10-15 km in
radius. The temperature and the upward long-wave and
short-wave radiation fluxes were measured. Sounding
was performed over the sites during 3 minutes at different
levels within the layer 25-2,000 m.
Actinometric sounding was performed at night (2-3
launches per night). Measurements of the improved
accuracy by means of radiosondes were occasionally
carried out. In order to investigate the structure and
dynamics of the temperature field, radiosondes were
launched at time intervals of 2-3 hours. The difference
between the characteristics of the underlying surface in
the region of the basic surface measurements and at the
point of radiosounding was the essential cause of the
difference in the temperature conditions of the lower
atmospheric layer. At a high enough altitude these
differences decrease. It is necessary to bear in mind that
over the period of the expedition winds with a northern
component prevailed which led to a drift of the radiosonde towards the main observation site. This made it
possible to use the data on radiosounding in the absence
of other methods of temperature-wind sounding.
Flights of the IL-18 flying laboratories were, as a rule,
carried out simultaneously. The duration of each flight
averaged 3-3 Y2 hours, the middle of the flight period
coinciding with true noon (maximum sun height) in daylight. Measurements were performed at the heights of
0.3; 1.3; 2.8; 5.6; 8.4 km, which correspond to the
standard isobaric surfaces. At each site various azimuth
passes relative to the sun were carried out in order to
guarantee the availability of the corresponding information from all instrumentation. In the presence of cloudiness, additional measurements were taken below the
clouds as well as in the clouds and above the cloud tops.
The approximate schedule of flights is shown in Fig. 1.
In the region of the Repetek station, the flights were
carried out along a lOO-km track. While sounding in the
region of Dargan-Ata, at each site the aircraft tracks
oriented relative to the sun, as shown in Fig. I (I, 11
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and Ill). During the joint aircraft flights, simultaneous
measurements of the upward and downward short-wave
and long-wave radiation fluxes were made at different
levels.
Processing of measurements carried out on both aircraft was performed with the same techniques. Simultaneous measurements of the radiation fluxes at different
levels made it possible to determine more correctly the
radiative flux divergence for the individual layers of the
atmosphere.
Table 11 gives information about the MGO aircraft
observation instruments installed on this aircraft and their
technical characteristics. A similar observation was performed with the help of the CAO aircraft.
Atmospheric aerosol was measured both at the surface
station and on the MGO aircraft. During aircraft
measurements the atmospheric aerosol sampling (at the
corresponding heights) was performed with the help of
impactors in order to determine the aerosol number
density and size distribution and then to make an analysis
of the chemical composition. On the basis of surface
observations, the daily variations of the number density
and chemical composition of aerosol were also measured
at the surface. Measurements were taken at the heights
of 2, 5, 10 m by filter sampling.
115 hourly series of observations were carried out at
the surface station. During the observation period three
24-hour series of observations were performed, when
IL-18 flights (both in daytime and at night) were simultaneously carried out in the region of the surface station.
On the whole, during the expedition period, 14 flights
with the CAO aircraft and 18 flights with the MGO aircraft were performed, 9 flights being performed simultaneously.
34 launches of actinometric sondes were carried out
with an average sounding height of 23.6 km, as well as
20 launches of radiosondes. The observational information was published in the appendixes of a special publication on the CAENEX-70 expedition (Kondratyev and
Orlenko, 1972).

2. CAENEX-71
In june-July 1971 the second expedition under the
CAENEX programme (CAENEX-71) was carried out in
North-Western Kazakhstan, 80 km south of the town
of Uralsk. The programme of this second expedition
had much in common with that of CAENEX-70. The
differences were mainly connected with a more detailed
study of sensible heat fluxes, the measurements of which

were carried out by the Institute of Atmospheric Physics
of the U.S.S.R. Academy of Sciences (lAP). Aircraft
measurements of sensible heat fluxes and of momentum
in the boundary layer were performed as well as direct
measurements of turbulent fluxes of heat, moisture and
momentum in the surface layer of the atmosphere.
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,In. comparison' with CABNEX~70, essential improve..;
ments' were introduced in the measurement techniques,
in particular in the scheme of aircraft sounding (IL-18).
In the boundary layer the great temporal variability of
:tl1eteorological elements made it impossible to obtain
instantaneous (relative to a fixed time) vertical profiles
of the meteorological parameters and heat fluxes using
an aircraft, heiicopteror balloon.
In connexion with the above, detailed temporal variations of all parameters of interest were studied at certain
levels by interpolation of profiles of the meteorological
elements and radiation fluxes at fixed moments.

The CAENEX-71 expedition gave ample observational
material. Results of investigations and observational
data obtained during this expedition will be published in:
special issues of the MGO Proceedings.
It should benoted that the acquisition of a large amount
of observational'material has made it possible for the
first time to study the heat balance of the surface and
individual atmospheric layers by use of experimental
data. In particular, the heat balance has been studied
for the whole boundary layer, the height of which is
determined by the propagation of daily variations of
temperature (for daytime conditions this is the layer from
o to 3 km).

3. CAENEX-72

The urban CAENEX-72 differed significantly from the
previous expeditions. Let us, therefore, consider the
specific character of the goals of this expedition and of
the observational programme in more detail (Berlyand
and Kondratyev, 1972).
3. 1 Introduction
The continuous expansion of cities and increase of the
urban population draw more and more attention to problems of utban climatology, two aspects of these problems
being revealed most distinctly: local (features of meteorological condition in cities); and global (influence of
cities on the climate of the globe). The urban climate
may in way be a model of man's impact on the global
climate, influenced by gaseous and aerosol pollution of
the atmosphere, by variations of optical characteristics
and geometry of the underlying surface, additional heat
sources of industrial origin, etc. As far as the scale of
the urban influence is concerned, it by no means confines
itself to the city area especially as the current tendency
to urbanization has led to the development of "supercities", suburban conglomerates occupying vast territories
of industrial regions. Such "supercities" are so large that
they are distinctly observed, for instance, as large-scale
thermal anomaly on the infrared pictures received from
meteorological satellites (Sabatini et al., 1971).
Pollution of the atmosphere caused by large industrial
centres and "supercities" becomes apparent on a global
scale and leads to the increase of CO 2 and other gaseous
components of pollution as well as determining a marked
increase of the amount of dust (and accordingly a
decrease of the atmospheric transparency). Atmospheric
haze of industrial origin isofteil discovered on TV-images'
of the earth, received from meteorologiCal satellites
(Kondratyev, 1972a).

a

Mohr (1971) has described the case of a gigantic zone
of haze detected over Central Europ.e on a TV-image
obtained from the "Essa-5" satellite on 5 August 1970.
Kaminsky (1972) has considered some interesting analyses
of sea pollution in river mouths making use of infrared
satellite images.
Photos of the earth taken from manned spacecraft are
a still more obvious source of information on atmospheric
pollution (Kondratyev, 1972;1972a).
Direct measurements of aerosol concentration in industrial regions indicate the increase of the amount of dust
in the atmosphere. During recent years a pronounced
increase of the aerosol content of the atmosphere over
the D.S.A. (Ludwig et al., 1970) and India (Mani, 1972)
has been discovered.
There is no doubt that the importance of investigation
of urban climatology exceeds the scales of micro- and
meso-climatology (Landsberg, 1971, 1972a).
The goal of theCAENEX-72 programme was to consider the main features of the urban climate on the basis
of experimental data, to discuss the main factors of man's
impact on climate on a global scale and also to bring
out those aspects of urban climatology which are of
importance from the point of view of modelling possible
climate modification by man on a global scale.
3 .2 Composite investigation programme in the field of
urban climatology
It is natural that a composite investigation programme
must include both the city area and the boundary layer
ofthe atmosphere over this area; it must take into account
the influence of the city beyond its limIts both in vertical
and horizontal directions.' Thus,detailed observations
are' necessary inside cities'as well as at control areas of
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comparatively clean atmosphere at a sufficient distance
from the cities. Investigation of the boundary layer
structure is necessary with the help of both stationary
(at fixed points) and "en route" observations.
Of great importance are detailed investigations of the
meteorological conditions and air pollution over the city
area. These must be undertaken in streets and squares
as well as at different levels - for instance, near the
surface and at roof level, which will make possible the
study of the transition from the urban zone to the
.
incoming undisturbed air flow.
For this purpose trucks with sliding masts may be
used. The findings of such investigations must serve as
a basis for the improvement of city planning and for
solving other practical problems: measures against atmospheric pollution; assessment of the gust load on constructions; the problem of building heat exchange - all these
concern the problem mentioned above.
Bearing in mind the fact that the effects under study
are still comparatively small and mainly show at low
wind speeds, observations at the beginning should be
undertaken under conditions of weaker (or no) advection.
The investigation programme must include studies of
the atmospheric composition and meteorological conditions (radiation, humidity, temperature, wind, etc.), on
the basis of experimental as well as theoretical investigastions. Let us consider some items of the programme
under discussion.
3.2. 1 Composition of the atmosphere
One of the fundamental problems is that of a comprehensive study of the compositional features of the
urban atmosphere, resulting from gaseous and aerosol
pollution. As far as gases are concerned, it is of importance to know about the spatial-temporal variability of
the concentration of such components as 802 , CO 2 , CO
and others in the surface and boundary layers and in the
lower troposphere.
When investigating aerosols alongside with determination of their weighted concentration, it is necessary to make
measurements of the number density and size distribution of particles as well as of their chemical composition
(laboratory investigations of samples must supplement
this information with data on the index of refraction of
aerosol particles).
From the point of view of global aspects of the problem, it is of importance to study the propagation of polluting components into suburban and rural areas by
advection, eddy diffusion and the processes of transformation of polluting components which take place

during their propagation (for instance, formation of solid
aerosol particles as a result of chemical reactions between
gaseous pollutants).
In this connexion it is most essential to receive comparable data on aerosols from clean and industrial atmospheres in order to separate aerosol components of natural
and industrial origin. In addition to standard methods
of chemical and physical analysis, one of the ways of
controlling the amount of gaseous and aerosol pollution
may be surface and aircraft measurements of the spectral
atmospheric transparency as well as laser sounding. It
is advisable also to make use of observations of electrical
conductivity, which is a very sensitive indicator of the
amount of dust in the air.

3.2.2 Meteorological conditions and structure of the
atmosphere
Of great significance is the investigation of the air flow
structure at different stages of its passing over a city,
taking into account the specific features of the lee and
windward sides of that city. It is necessary. to determine
the variation of the vertical gradient of temperature near
the underlying surface influenced by pavements of the
streets and squares of the city; to observe the formation
of temperature inversion above buildings; to compare the
direction and speed of the wind blowing along the streets
and of wind blowing towards the city; to evaluate the
degree of breaking of the air flow and to determine the
roughness of the underlying surface. One of the goals of
the investigation is the determination of the limits of the
heat island in horizontal and vertical directions, the
analysis of the dependence of these limits upon the size
of the city and upon the advective factors.
The investigation of temperature field anomalies, and
of wind and humidity under urban conditions, requires
the combined application of surface gradient measurements, tethered balloons and helicopter measurements
(the boundary layer), aerological (laser sounding included)
and aircraft sounding. The most effective method of
studying atmospheric diffusion is stereophotogrammetry
of vertical smoke plumes.
For an estimation of thermal pollution it is helpful,
together with surface temperature measurements, to make
use of calibrated infrared images obtained from aircraft.
Data on the above measurements will make it possible
to obtain information about vertical turbulent transfer
of heat and momentum.

3.2.3

Cloudiness conditions

The problem of pollution effect on the conditions of
formation and characteristics ofcloudiness is stillunsolved.
It is, therefore, most important to investigate the chemical
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composition and characteristics of atmospheric condensation, and nucleii of clouds in industrial regions as well
as to study the specific radiation characteristics (albedo
in particular) of clouds in various spectral regions.

3.2.4 Radiation conditions
The specific character of radiation transfer in a polluted (urban) atmosphere essentially governs the urban
microclimate. In the absence of advection the city microclimate might have been a good model of the possible
influence of pollution upon the global climate. Measurements of the radiation conditions of the polluted atmosphere reveal great interest for such modelling. Such
measurements, carried out together with measurements of
the composition of the atmosphere (both industrial and
clean), will make it possible to obtain data relating to
the aerosol influence on climate from the point of view
of the relationship between real values of albedo of the
underlying surface, coefficients of absorption and back
scattering by aerosol particles under various conditions
(the height of the sun, amount of cloudiness, etc.). For
this purpose it is necessary to take integral (actinometric)
and spectral measurements of short-wave and long-wave
radiation fluxes, scattering functions, and integral and
spectral transparency of the atmosphere. Of special
importance is the determination of the albedo of the
underlying surface. One must take notice of the evaluation of the decrease of ultraviolet radiation and visibility
in the city.
3.2. 5 Theoretical modelling
Theoretical modelling of the urban microclimate (thermal island, elevated inversions, etc.) and of possible variations of global climate, influenced by atmospheric pollution and subsequent variation of atmospheric optical and
other parameters, must become the decisive part of the
composite programme under consideration. This theoretical modelling is based on experimental data. The
theoretical modelling of various processes may be successfully complemented by the results of modelling in
aerodynamic tunnels.
The accomplishment of the investigation programme
will be of essential importance not only for an estimation
of possible variations of climate but also for the solution
of many scientific and practical problems connected with
the calculation of urban meteorological conditions.
The city of Zaporozhye was selected as the observational site for CAENEX-72.
3 .3 System and methods of observations
. Realization of the described programme required the
organization of a large expedition equipped with various

technical instrumentation. Below is given a short summary of the principal components of the CAENEX-72
expedition, in which the Main Geophysical Observatory,
Leningrad State University, the Odessa Hydrometeorological Institute, the Institute of the Atmospheric Optics
of the U.S.S.R. Academy of Sciences (Siberian branch)
and other research institutions have taken part.

3.3.1 Observations of air pollution
For obtaining data on the distribution of industrial
impurities such as dust, sulphuric and nitrogen dioxides,
CO and others, air sampling of the ingredients under
study was made at 4 stationary and 12 moving sites in
different parts of the city under various meteorological
conditions.
Observations at 12 moving and 2 stationary sites were
taken from 6 a.m. to 10 p.m., 3-4 times at the moving
sites and hourly at the stationary sites. At 2 stationary
sites hourly observations were sometimes taken during
24 hours.
For the purpose of estimating the influence of meteorological factors on the distribution of natural and industrial aerosols, simultaneous measurements of aerosols
were performed at three points about 5-10 km apart:
measurements at the heights of 10, 50, 100, 200, 500
and 1,000 cm (4-5 daily series) as well as more frequent
measurements for studying daily variations of aerosol
content at different heights (10-15 series of measurements).
Special attention was paid to measurements under
large variations of meteorological conditions (precipitation, change of air masses). Several series of vertical
aerosol profile measurements were performed in the
boundary layer of the atmosphere making use of a TVmast (150 m) and a helicopter (2 km).
Aircraft aerosol measurements were performed in the free
atmosphere in order to study the spatial structure of the
aerosol field in the vicinity of industrial pollution sources;
to determine the effect of industrial aerosol sources on
the formation of a city aerosol cloud; to define the role
of aerosol in changes of atmospheric heat conditions.
The programme included measurements of number
density and size distribution of particles as well as
sampling for determination of the chemical composition
of aerosols at different altitudes in the atmosphere.
Measurements were performed at altitudes of 200, 500,
1,000, 2,000, 4,000, 7,200 m, and during fast descents
and ascents they were carried out at the lower and upper
sounding levels. The duration of a flight over the area
at a single level was about 1 minute, but when measuring
horizontal aerosol inhomogeneity, the duration of flight
was 10-15 minutes. Measurements were performed with
the help of impactors, filters and photo-electric counters.
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Aircraft aerosol sounding was supplemented with laser
sounding which made it possible to obtain data on the
vertical profile of concentration and size distribution of
aerosols.
3.3.2 SUlface meteorological observations

For obtaining data on features of meteorological conditions in the region of Zaporozhye, combined observations have been taken in the city itself and in the surrounding country.
Observations at meteorological stations in the country
included measurements of temperature and humidity of
air using Assman psychrometers at heights of 0.2; 0.5;
2.0 m; measurements of temperature and humidity of
air using resistance thermometers at heights of 0.5; 2.0;
5.0; 9.0; 17 m; measurements of wind speed by anemometers at heights of 0.25; 0.5; 1.0; 2.0; 4.0; 8; 12; 17 m;
continuous recording of wind direction pulsations using
M-12 anemorumbograph; actinometric and heat balance
observations; visual observations of atmospheric events
(cloudiness, visibility, precipitation, and particular phenomena).
Readings of Assman psychrometers, of resistance thermometers and contact anemometers were taken during
24 hours, at 2-hourly intervals and during an hour (at
20-minute intervals). Visual observations were taken
simultaneously, heat-balance observations being taken in
the daytime.
The M-12 anemorumbograph recorded wind data daily
during 24 hours, with the exception of week-ends.
Observations at the city meteorological station included
measurements of temperature and humidity by Assman
psychrometers at heights of 0.2; 0.5; 2.0 m; measurements
of wind speed by anemometers at heights of 0.25; 0.5;
1.0; 2.0; 4.0 m; continuous recording of wind data by a
M-64 anemorumbograph. The observation schedule was
the same as in the country.
In addition, observations of temperature gradient in
the thickness layer of 0.5-2.0 m, of wind speed and
direction at the level of 2 m and visual observations of
atmospheric events were taken at 16 points located in
different parts of the city. These observations were taken
simultaneously with air sampling at the stationary and
moving sites.
3. 3 .3 Aerological observations
A tethered balloon sounding with an MGO meteorograph and a wind gust sensor, radiosounding as well as
pilot balloon observations and MI-l helicopter sounding
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with the use of a meteorograph and an electrometeorograph, were carried out for obtaining the data on vertical
profiles of temperature, wind speed and direction and
characteristics of turbulence in the lower atmospheric
thickness layer of 1 km over the city and its surroundings.
Air sampling at the same altitudes and sketching of an
urban aerosol cloud were performed.
3.3 .4 Aircraft radiation measurements
Actinometric aircraft measurements have made it possible to obtain data on vertical profiles of radiation
fluxes, albedo and radiative flux divergence and its components in the free atmosphere. Measurements of hemispheric upward and downward radiation fluxes [both
long-wave (3-30 Jlm) and short-wave (0.3-3 Jlm)] have
been carried out at different levels: 200, 500,1,000,2,000,
4,000, 7,200 m. The aircraft was flying over the site for
12-15 minutes.
Simultaneously, spectral measurements of the downward and upward short-wave (0.3-2.0 Jlm) radiation flux
were performed at various levels. As a rule, measurements were carried out at the heights of 7,200, 4,000,
2,000,500 and 200 m, but during fast descent and ascent
measurements were taken only at 7,200 and 500 m levels
(near mid-day).
Measurements of direct solar radiation spectra in the
wavelength region of 1.8-8 Jlm at the levels of 500, 1,000,
2,000, 4,000, 7,200 m were aimed at obtaining data on
the spectral transparency of different atmospheric layers
and at estimating the total content of polluting components by the spectroscopic technique.
These measurements were performed with the sun to
the right of the aircraft course (one measurement series
lasting 10 minutes).
For determining radiation temperatures of the underlying surface, measurements of thermal radiation of the
underlying surface were performed in the region of
8-12 Jlm with a wide-angle radiometer (FOV is 15°).
These data were also used for control calibration of infrared images of the surface, obtained by means of an
infrared scanning radiometer (the spectral region is 2.55.5 Jlm). The scanning radiometer was in operation at
altitudes of 500, 1,000, 2,000 and 7,200 m.
Aircraft measurements of atmospheric parameters
(temperature, humidity, pressure) were also carried out
at standard levels (200, 500, 1,000, 2,000, 4,000 and
7,200 m). Simultaneously, a description of the atmospheric state and of the underlying surface was made
visually.
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Combined meteorological survey

For the purpose ofrevealing the features of the thermal
and wind conditions under urban conditions and of the
formation of the urban heat island, 20 observation points
were selected within the city area at which more frequent
measurements of air temperature and humidify at the

levels of 0.5 and 1.5 m were carried out, as well as of
wind speed and direction at the 2 m level.
Simultaneously at the city and country meteorological
stations, hourly meteorological and aerological observations were made according to the integrated observation
schedule, as well as helicopter and balloon soundings,
radiosonde launches and pilot-balloon observations.

CHAPTER 3. PRELIMINARY RESULTS

Processing of the results obtained by the expeditions
described above is very time-consuming. At present only
a preliminary stage of processing has been completed
(Kondratyev and Orlenko, 1972; Kondratyev et aI.,
1973). In this paper we shall discuss only those results

which are of most interest from the point of view of
incorporating radiation factors in numerical modelling
of the general atmospheric circulation and in the analysis
of the mechanisms governing contemporary variations of
climate.

1. COMPLETE RADIATION EXPERIMENT
(CLOUDLESS SKY)
The composite character of the investigations under
the CAENEX programme made it possible for the first
time to accomplish the Complete Radiation Experiment
(COMRAEX). COMRAEX involved measurements of
the components of the radiation balance at surface level,
total and spectral fluxes of long-wave and short-wave
radiation in the free atmosphere (by means of aircraft, a
helicopter and actinometric radiosondes), the angular
distribution of intensities of upward and downward shortwave and long-wave radiation, and spectral atmospheric
transparency and radiation measurements from "Meteor"
satellites.
Several additional measurements were performed simultaneously with the radiation observations: vertical profiles of air temperature, pressure and humidity; temperature of the underlying surface; concentration, size distribution and chemical composition of aerosol particles;
and concentration and vertical distribution of ozone.
These additional data were necessary in numerical experiments for the verification of calculation methods. In
particular, calculations of long-wave and short-wave
radiation fluxes were made and the results were compared
with experimental data. The comparison showed that
the discrepancies between the calculated and measured
values of the upward fluxes, on the average, do not
exceed 8% for the short-wave radiation fluxes and 5-10%
for the long-wave fluxes. The discrepancies were much
greater for downward fluxes, being as high as 50% in
some cases (Fig. 3).
The simultaneous observation of total and spectral
radiation fluxt:ls made it possible to compare data of the
total flux measurements with those obtained by an integration of the spectral components. For the atmospheric
layer 300-8,400 m, the total radiative flux divergence

calculated from measurements on 25 October 1970 was
0.190 ± 0.020 cal.cm-z min-I . The corresponding value
of the heat inflow calculated from the data of spectral
measurements was 0.195 ± 0.040 cal.cm-z min-I . This
quite satisfactory agreement between the values of the
radiative flux divergence obtained by different methods
shows that the data of the Complete Radiation Experiment can be considered as sufficiently reliable.
As an example of realizing the Complete Radiation
Experiment, Fig. 3 shows the vertical profiles of the total
long-wave and short-wave radiation fluxes in the whole
atmospheric layer for which soundings were made as well
as the data on aerosol and meteorological parameters.
Total radiative heating was observed in the whole layer
from the surface to 8 km altitude. Maximum values of
heating were observed in the lower 300-500 m layer,
where they reached about 1.0°C houcl • The relationship between radiative heating components eL, e s varies
in different atmospheric layers. In the lower layers
0-300 and 0-500 m, the radiatlve heating at about noon
is chiefly due to long-wave radiation (e L > e s). From
500 up to 1,500-2,000 m, short-wave radiation mainly
contributes to the heating, although still eL > O. In
layers above 2 km e L < 0 and therefore the heating due
to short-wave radiation is compensated by long-wave
cooling.
Accomplishment of the Complete Radiation Experiment made it possible to establish certain relationships
between vertical profiles of the net radiation components
and aerosol distributions (vertical profiles of concentration and of size distribution of particles) and relative
humidity.
Fig. 3 clearly shows some qualitative aspects of these
relationships. -
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Complete Radiation Experiment. 25 October 1970, Repetek, 12.00 (local time).
- global short-wave radiation flux
6 (eL)
-long-wave radiation
- reflected short-wave radiation flux
7 (eT) - total effect
- upward long-wave radiation flux
b) vertical profiles:
- downward long-wave radiation flux
- air temperature
8 (t)
Radiative temperature changes due to:
9 (U, %) - relative humidity
5 (es)
- short-wave radiation
10 (11)
- aerosol concentration

a) I (Q)
2 (R)
3 (Ft)
4 (Ft)

2. SPECTRAL DISTRIBUTION OF THE SHORT-WAVE RADIATIVE FLUX DIVERGENCE
AND THE ROLE OF AEROSOL ABSORPTION
Within the programme of the Complete Radiation
Experiment (COMRAEX) during the first CAENEX-70
expedition first experience was gained in obtaining experimental data necessary for a qualitative estimation of the
spectral distribution of the radiative flux divergence.
2. 1 Spectral distribution of the radiative flux divergence
At first the spectral distribution of the radiative flux
divergence in the 0.3-2.4 Ilm wave-length region was
studied for the whole troposphere under desert conditions. The observational programme included measurements of vertical profiles of upward and downward spectral fluxes of short-wave radiation, angular distribution
of spectral brightness of the "underlying surface-atmosphere" system, spectral brightness of a horizontal orthotropic reference plate illuminated from above as well as
supplementary meteorological parameters and aerosol.

Fig. 4a shows a curve of the spectral distribution of
the radiative flux divergence, b). in the troposphere (0.38.4 km layer) in the 0.4-2.4 Ilm region obtained on
25 October 1970 at noon (the solar zenith distance
z0 = 55°) over the desert under considerable haze conditions. Fig. 4b illustrates the spectral distribution of the
relative radiative flux divergence (in per cent).
The data given in Fig. 4b indicate the undoubtedly
dominating role of molecular absorption in the relative
spectral radiative flux divergence in the troposphere. The
relative aerosol absorption, as can be seen from Fig. 4b,
appears to be less than 20 per cent in the wavelength
region under consideration and it varies approximately
in proportion to A-1 (dot-dash curve of Fig. 4b).
The dot-dash curve presented in Fig. 4a has been
obtained by multiplying the ordinates of the smoothed
curve for the relative spectral flux divergence (approximated dependence of A-1) by the energy distribution of

CHAPTER

3

21

H20

3\.
f\

.11'-

I

I
I
I

I

o

0.3

o.lt

Q.S

0.6

0./1

0.7

os

lO (.{ lZ H lA 1,5 /.6 1.7 1.8 I.fI eo ZJ

ee Z$

t.4 1%1

fLpm

gO

G)

flA /0
0/
HzO

'ID
CO2

GO
HzU
50

30

Uz

20

fll

.3

._.-r.::. -.-.- ----._-_._--

O'---.,....---r-.....r----r--...,..--,.......,.--,---r-'""T"-r-.,.-..,.-~,._,F"""""'1,......,I""""'I___r_
....~l
O.L,
0.5
0.6
0.7
0.8
0.9 I.D f.f /.2 f.5/'I( /.51.6/.'11.8 UJ 2.0 PJ 2.22.32..1, 2.5 A I-'m
Figure 4.

Spectral radiative flux divergence in the troposphere (0.3-8.4 km) for the wavelength region 0.4-2.4 l!m.
a) absolute
b) relative
I - measured spectral distribution of the radiative flux divergence (K-2 spectrometer);
2 - aerosol component of the radiative flux divergence approximated by the dependence A-I;
3 - results of calculation of the radiative flux divergence from the data obtained with SPI-2M spectrometer.
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the incoming radiation spectrum, which in turn yields
the spectral variation of the absolute averaged radiative
flux divergence in the troposphere. The area below this
curve (equal to 0.095 cal.cm-2 min-I or 4.8% of the
solar constant) gives the total absorption of the radiation
by aerosols in the troposphere in the wavelength region
under consideration.
The area between this curve and the curve for the
observed spectral radiative flux divergence (equal to
3.8% of the solar constant or 0.075 cal.cm-2 min-I )
determines the total molecular absorption. Thus, although
the molecular absorption prevails in the relative spectral
radiative flux divergence, the energy distribution in the
spectrum of the source (the sun) is such that the absolute
radiative flux divergences due to absorption by aerosols
and by gaseous components of the atmosphere are
approximately equal.
The comparison between the spectral distribution of
the radiative flux divergence and the wavelength dependence of the aerosol optical parameters evaluated from
the data on microphysical and chemical analyses of aerosols, indicates that in the case under consideration the
particles of limonite-hematite are the main absorbent
over the desert.
2.2 Variability of the radiative flux divergence
Similar measurements of the spectral radiative flux
divergence in the 0.85-4.2 km layer in the 0.4-0.9 /lm
wavelength region were taken on 17 June 1970 over the
Caspian Sea area (the gulf of Kara-Bogaz-Gol) with different solar zenith distances, as well as on 4 August 1970
(over the desert), cf. Fig. 5). The data of 4 August 1970
indicated that on that particular day the relative radiative
flux divergence in the troposphere was at least an order
of magnitude less than that on other days. Since the
observations on 4 August 1970 were carried out after a
period of heavy rains, it means that on the day under
consideration absorbing particles were practically absent
in the atmosphere.
The main result of the spectral investigation of the
radiative flux divergence is the proof that the "residual"
absorption of the short-wave radiation discovered earlier
(Kondratyev, 1969) is actually aerosol absorption possessing considerable selectivity. Its possible variations
are determined, on the one hand, by variations of the
aerosol concentration in the atmosphere and, on the
other hand, by variability of the chemical composition
and, hence, of the optical characteristics of aerosols.
2 ,3 Vertical profiles of the spectral radiation fluxes and
of the radiative flux divergence

Determination of the radiation flux divergence from
the radiation flux measurements is difficult since the

necessity of the second differencies calculation arises.
Naturally, such a problem can be solved only on the
basis of making use of highly accurate measurements.
With a view to increasing the reliability of results, the
radiation flux divergence was determined for thick layers
of the atmosphere. For determination of the vertical
profiles of the net flux (F1-

Fh albedo (A,t = ~t) and
A

of radiative flux divergence (.!l (Fl; Fl») the statistical
techniques described below were used.
2.3. 1 Techniques of statistical processing of the results
of short-wave downward and upward radiation
flux observations
When calculating the vertical profiles of different radiation quantities, the following statistical techniques were
applied.
Firstly, the observed downward Fl and upward F1
fluxes of the short-wave radiation were vertically smoothed, and then interpolated and extrapolated for equidistant levels.
In order that the calculations were performed most
successfully, it was advisable to use pressure "p" rather
than altitude "h" in the atmosphere as a vertical coordinate.
Pressure at the observation levels was calculated
according to the standard atmospheric model. Pressure
at the level of the earth's surface was taken as 1000 mb.
Smoothing, interpolation and extrapolation of Fl and
F1 were performed graphically at the first stage of the
investigations. In the future it seems advisable to perform the calculation by making use of polinomial representation coefficients of the second order, namely:

Fl(P) = Fl(o)

+ alP + blp2

(1)

F1(p)

+ CAP + aAP2

(2)

=

F1(o)

For calculating the coefficients FA (0), aA' bA' CA and
aA' by the least squares method, observations of Fl (P)
and F1 (p) are required at not less than four levels of the
atmosphere.
Since the calculations were graphically (manually) performed at the first stage of investigations, the wavelength
step .!lA. was taken to be 10 nm. Thus, for each wavelength the dependence graphs of FIep) and F1(p) were
drawn with an increment of .!lA. = 10 nm. The smooth
curves were drawn through the experimental points in
the range of 0-1,000 mb. The extreme measurement
points were approximately at 400 mb and 900 mb levels.
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Thus, extrapolation was carried out from 400 mb up
to the top of the atmosphere and from 900 mb to the
earth's surface. Extrapolation error did not exceed 510 per cent in either case. Values of
(P) and
(P)
were read from graphs at intervals of Ap = 100 mb.
Although in the process of interpolation and extrapolation of (P) and (p) the smoothing of their vertical
CA) and
CA) as waveprofiles was performed, both
length functions still contained essential oscillations
caused by random measurement errors. These oscillations were smoothed down by use of a Wittecker probability operator with smoothing coefficient a = 10-2 in
all cases considered below (the results of such processing
are illustrated here in terms of calculation of the spectral
albedo of the "surface-atmosphere" system). When
smoothing the experimental data with the help of the

Fi

Fl

Ft

Ft

F;

Ft

Ft

Wittecker operator, the likelihood function of the combined selection of the observed and smoothed values is
introduced on the assumption of the applicability of the
normal distribution law for differences between the
observed and smoothed values and of the smoothed
differencies of the n-th order (n = 4 in our case). Furthermore, under the condition for the maximum of the likelihood function, the system of linear algebraic equations
for calculating the smoothed values is obtained and may
be easily solved.
2.3.2

Vertical profiles of radiation characteristics in the
free atmosphere

Let us consider some results of the measurements taken
on 25 October 1970 (CAENEX-70, the Kara-Kum
desert).
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Fig. 6 illustrates the distribution of Ft (A) at different
levels in the atmosphere (thick lines correspond to the
400 mb and 900 mb levels). In the case under consideration, both upward and downward short-wave radiation
fluxes increase with altitude. It is quite natural that the
amplitude of the altitude variation of fluxes increases

3
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with decrease of the wavelength. In a purely scattering
atmosphere, the total flux FP(A) = F;(A)-Ft(A) must
remain constant. But in the actual atmosphere, in the
presence of absorption, the total flux (short-wave
balance) Fp (A) (Fig. 7) also increases with altitude and
the shorter the wavelength the greater is the flux increase.
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It is obvious that the absorption band depth in F; (A)

decreases and in Ft (A) increases with altitude. Naturally,
in the case of the net flux, the Fp(A) band contours are
similar to the contours of F; (A) when p -+ 1000 mb
and of Ft (A) when p -+ O. It should be noted, however,
that calculations relevant to absorption bands are approximate.
Now let us consider the transformation of the surfaceatmosphere system albedo Ap(A) = Ft (A)/F; (A) with altitude (Fig. 8). The albedo of the sandy underlying surface (p = 1000 mb) has a typical spectral dependence;
a smooth increase of the albedo is observed with increase
of the wavelength. As the altitude increases, the wavelength is shorter and the albedo of the surface-atmosphere
system outside the absorption bands is higher. This effect
proves to be so strong (in the short wavelength region,
the brightness of the atmospheric haze superimposed on
the radiation reflected by the surface is ,....., A--4), that
when observing the sandy surface from space, its albedo
almost does not depend on the wavelength. The appearance of minimum albedo at A ~ 500 nm due to the
apposite wavelength dependences of the atmospheric haze
and of sand albedo is of great interest. The minimum
at A 600 nm is of another origin and is determined by
the Chappuis bands ofozone. Albedo oscillations in the
near infrared region correspond to the absorption bands
of water vapour and oxygen.
The data in Fig. 8a illustrate the great differences in
the spectral dependences of the surface albedo and the
surface-atmosphere system albedo due to the influence
of the intermediale layer of the atmosphere.
In particular, these data indicate how great the importance is of the correct determination of the atmospheric
transmission operator in interpreting the measurement
data of the spectral albedo from space with an aim to
solving the problems of identification of natural formations by the conditions of their reflection spectra.
Vertical profiles of albedo outside the absorption bands
(Fig. 8b) reveal the altitude increase of the surfaceatmosphere system albedo, most prominently manifested
in the short-wave region. In the Chappuis bands the
albedo slightly increases with altitude but in the absorption bands of oxygen and water vapour, it decreases
with altitude. The latter is of great importance and
relates not only to the gaseous component of the atmosphere but also to that of the aerosol. Calculations relevant to the purely scattering aerosol indicate that the
presence of such aerosol leads, as a rule, to an increase
of the earth's albedo.
However, bearing in mind that aerosol is absorptive,
in this case the presence of aerosol may often cause the
decrease of albedo. Such an important qualitative dif-

ference of results of the aerosol impact on climate
(cooling or warming) depending on the aerosol optical
characteristics, brings forward the most topical problem
of investigating these characteristics in real conditions.
Fig. 9 shows the altitude variations of the radiative
flux divergence b;. (absorbed solar radiation) in the layers
of I1p = 100 mb (Fig. 9a) and Fig. 9b shows the vertical
profiles of the flux divergence for various wavelengths.
Outside the absorption bands of the gases, the radiative
flux divergence is dependent on aerosol absorption.
Vertical profiles of b;. outside the absorption bands
show the decrease of the radiative flux divergence with
altitude due to a corresponding decrease of aerosol
concentration. In the Chappuis bands of ozone, b;.
practically does not vary with altitude since the decrease
of aerosol concentration is compensated by the increase
of ozone content in the layers of I1p = 100 mb. In all
other bands, b;. increases with altitude. In oxygen bands
the flux divergence evenly increases as it approaches the
earth's surface. In the water vapour bands a much
sharper increase of the flux divergence in the lower layers
occurs, which can be explained by water vapour concentration in the lower layers of the atmosphere, especially in the case of observations in the desert.

r-.J

3. COMPLETE RADIATION EXPERIMENT
(Overcast sky)
Field investigations under the CAENEX programme
performed in 1970-1971 were carried out under the
simplest possible conditions: over a relatively homogeneous underlying surface and with a cloudless sky.
However, an important component of the CAENEX
programme is also a study of the influence of cloudiness
on the radiation fluxes and flux divergence. In this
connexion, in 1971-72 special preparatory observations
under conditions of a cloudy atmosphere were carried
out, aimed at accomplishing the Complete Radiation
Experiment in the presence of overcast cloudiness.
Measurements of radiation fluxes, microphysical and
other parameters of cloudiness were carried out over the
Black Sea area. During the first stage of the work the
purpose was to study the dependence of the spectral
albedo of various clouds on their optical and microphysical conditions as well as to investigate the features
of the spectral distribution of the radiative flux divergence
in the presence of overcast cloudiness.
As has been mentioned above, such investigations may
create the basis for experimental verification of theoretical schemes for incorporating the radiation factors and
for working out parameterization techniques for numerical modelling of the general atmospheric circulation and
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the theory of climate. Another important aspect of such
investigations is connected with studies of inter-relations
between some physical characteristics of clouds such as
cloud microstructure and its optical parameters. Finally,
a greater knowledge of the processes of radiation transfer
in a cloudy atmosphere will be of enormous use in interpreting radiation data on clouds of other planets, especially Venus and Mars.
During March-April 1971 over the Black Sea area, in
the presence of overcast cloudiness, aircraft radiation,
microphysical and meteorological measurements were
undertaken with the help of two flying laboratories
(IL-18 and IL-14), the first being used as a flying radiation laboratory and the second as a microphysical laboratory.
On board the IL-18 aircraft were mounted two K-2
spectrometers (the wavelength region is 0.35-0.95 J-Lm),
an SPI-2M spectrometer (0.4-2.5 J-Lm), an aerial camera,
an aircraft thermohygrometer, a transmissometer, Kosyrev pyranometers and pyrheliometers, and an apparatus
for recording aircraft pitch. On board the IL-14 aircraft
sensors for microstructural and aerological measurements were installed.
Stratified clouds with a high horizontal homogeneity
were selected for investigation. Measurements were carried out by two aircraft (IL-18 and IL-14) flying along
two parallel tracks. The goal of the IL-14 was to sound
the selected cloudiness layer and simultaneously to
measure concentration, size distribution and water content every 100 meters with continuous temperature, pressure and humidity recordings.
The measurements were performed by radio command
from the IL-18 aircraft in order to secure the synchronous
accomplishment of measurements. The IL-18 aircraft
also performed radiation and other measurements below
and above the top of the cloudiness with subsequent
sounding of the atmosphere up to an altitude of 8,400 m.
The duration of the measurements was about 3 minutes.
All measurements were carried out about noon with the
position of the sun "to the right" in order to minimize
measurement errors conditioned by some non-horizontality of spectrometer receiving plates.
Making use of the above methods of measurements
has made it possible to achieve the main goal - simultaneous measurements of both radiative characteristics
of clouds and those meteorological parameters of the
atmosphere and clouds which specify short-wave radiation transfer in the atmosphere in the presence of a continuous horizontally-homogeneous layer of cloudiness.
Since the radiation field in a cloudy atmosphere is
determined by numerous factors (which, in particular,
hinders the comparison between the theory and the experi-
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ment) , attempts were made on the basis of the results
received:
- to determine the experiment conditions, for example
time, type of clouds under investigation, property of the
underlying surface, spectral region, etc., which are most
advantageous from the point of view of decreasing the
number of variables affecting the measured radiative
characteristics of the cloud;
- to find such cloud conditions when radiation transformed by the cloud depends, in the main, on one physical
parameter (for example, the optical thickness of cloud)
other conditions being equal (sun altitude, average water
content, size distribution of particles or modal radius of
droplets) under similar synoptic conditions.
The main purpose of processing the data was the
investigation of the variability of the spectral reflection,
transmission and absorption of the short-wave radiation
by clouds. Let us consider some results of the measurements.
Figs. lOa and b show the spectra of upward and downward radiation fluxes below and above the cloud, recorded
from the altitudes 8,400 and 200 m respectively, with the
Measurements were carried out
sun height h o = 55
over single-layer, continuous stratocumulus cloudiness,
the optical thickness 1" of which was about 9 and which
had an average water content w = 0.4 g.m-3 and a modal
radius of the averaged spectrum of distribution of cloud
droplets I'm = 6 J-Lm. As may be seen, the main spectral
features of radiation fluxes and cloud albedo are determined by the influence of molecular absorption by liquid
water, water vapour and by oxygen. It should be noted
that the integral albedo of cloudiness and sea measured
from the altitudes 8,400 m and 200 m is, in this case,
63.0 and 4.1 %, respectively.
Detailed analysis of the measurement results has made
it possible to analyse the dependence of the spectral
albedo on the optical thickness, size distribution, phase
condition of the cloud and albedo of the underlying
surface.
Figs. lla and b present the results of measurements
of the albedo, the spectral short-wave balance (the difference between the upward and downward radiation
fluxes) and the radiative flux divergence for the whole
cloud layer (the absorbed short-wave radiation).
Fig. lla shows the data on spectral balances of shortwave radiation received in the presence of continuous
stratified cloudiness, the optical thickness of which is
9 and the water content 0.4 g.cm-3 , the modal radius of
cloud droplets being 6 ~lm and the sun height h o ~ 55
Measurements of the downward and upward radiation
fluxes were carried out above the clouds at an altitude
0
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Spectral distributions of the short-wave radiation fluxes and albedo.
a) Spectra of the downward and upward radiation fluxes above a cloud.
1
- Spectral distribution of the solar radiation outside the atmosphere;
2, 4 - spectra of fluxes of the global (Fi) radiation and radiation reflected by a cloud (Fl), respectively;
3
- dependence of the cloud albedo on the wavelength.
Notes near the abscissa axis determine the location of Fraunhofer lines in the solar spectrum and of the atmospheric absorption bands.
b) Spectra of radiation fluxes transmitted through a cloud and reflected by the sea.
1 - the downward radiati?n flux below a cloud (F'});
2 - spectral sea albedo AA (%);
,.
3 - radiation flux reflected by sea (F

1).
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Figure 11.

Spectral distributions of albedo, the short-wave net radiation and of the radiative flux divergence (the absorbed short-wave
radiation) in the case of single-layer cloudiness.
a) Spectra of the short-wave net radiation and radiative flux divergence.
1, 2 - short-wave net radiation at the altitudes of 1.1 km (BA, H2) and 0.2 km (BA, HI), respectively;
- radiative flux divergence bA.
3
b) Spectra of albedo (l), radiation transmitted by a cloud (2) and of the relative radiative flux divergence b~ =
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of 1,100 m and below the clouds at 200 m. Naturally,
the short-wave balance at the altitude 1,100 m - BA' H2
(curve 1) exceeds the balance at the altitude 200 mB AHb (curve 2), which corresponds to radiative heating
of the 0.2-1.1 km thickness of the atmosphere containing
the cloudiness layer. The amount of radiative heating
(radiative flux divergence due to radiation absorption) is
determined by the balance difference bA = BA' H2- BA' Hi'
Curve 3 (b A) gives the dependence of the radiative flux
divergence on the wavelength in the spectral region under
consideration.
Fig. lIb shows the spectral curve (3) of the relative
radiative flux divergence = bA/Ft H2 (Fi,H2 - flux of
the total radiation measured at the altitude of 1.1 km).

b;

These data demonstrate even more clearly the selectivity of the radiative flux divergence due to the combined
influence of the humid and dry aerosols and of the
molecular absorption by gas. As seen from Fig. llb,
the relative spectral flux divergence in a cloud increases
significantly in the bands of the molecular absorption of
water vapour, liquid water and oxygen. For example,
the spectral flux divergence increases up to 16.6% at
the wavelength 0.72 /lm, up to 18.3% at 0.82 /lm, and
up to 37.5% at 0.93 /lm. Calculations indicated that
radiation absorbed by cloud in the wavelength region
0.35-0.95 /lm amounted to 0.117 cal.cm-2 min-1 or
7.2% of the incoming radiation with the given sun
height. According to our actinometric measurement data,
the total radiative flux divergence (absorbed short-wave
radiation) in the cloud layer for the wavelength region
0.3-3 /lm amounted to 0.08 cal.cm-2 min-1 or 5% of the
total radiation received at the top of the cloud. According
to Goisa and Shoshin (1970) data, the average value of
the absorptivity of the stratocumulus and stratified
clouds is 7.4%, which satisfactorily agrees with the results
of our spectral and integral measurements.
Fig. 11 b also shows the curve of the spectral dependence of albedo and transmission of the cloudiness layer
under consideration (curves 1 and 2). In general, the
cloud spectral albedo decreases with the increase of the
wavelength, which is due to the increase of the role of
absorption by the cloud droplets. As seen from Fig. llb,
the spectral transmission is less selective. In this case
the integral values for albedo and transmission were
59.1 % and 36.5%, respectively.
The analysis of data revealed the pronounced influence
of the atmospheric thickness (atmospheric haze) located
over the cloudiness layer on the spectral albedo. If we
compare the spectral albedo of the same cloud, measured
at an altitude of 1,100 m (curve 1, Fig. lIb) and at an
altitude of 8,400 m (curve 3, Fig. lOa), we can see that
the atmospheric haze leads to an increase of the cloud

albedo in the shorter wavelength region because of the
increase of back-scattering under the influence of the
haze, and reduces the albedo in the long wavelength
region because of the increase of absorption by the
atmospheric layer located over the cloud top.
A qualitative intercomparison between the considered
experimental data and similar calculations obtained by
Plass and Kattawar (1968, 1971) at A = 0.7 /lm for cloud
models of various forms depending on the optical thickness of the cloud, its size distribution and the albedo of
the underlying surface, as well as the calculations performed by Kargin et al. (1972) for water vapour and
liquid water bands in the infrared region, revealed satisfactory agreement.
The quantitative differences seem to be connected with
the fact that the calculation parameters and the conditions of the experiment are not identical.
Results of accomplishing the Complete Radiation
Experiment under conditions of overcast cloudiness
reveal the possibility for a correct intercomparison between the theoretical calculation and the experimental
data. A correct solution of this problem is possible,
however, on the basis of specific calculations made for
conditions which are identical to those of the experiment.
4. ATMOSPHERIC AEROSOL
It has been clear for a long time (Kondratyev, 1969)
that investigation of the atmospheric aerosol must play
an important part in the problem of radiation transfer
in the atmosphere. Therefore when elaborating and
carrying out the CAENEX programme, special attention
has been paid to the combined investigations of radiation
and aerosol bearing in mind, in the last case, determination of the vertical profiles of concentration, size distribution, chemical composition and optical characteristics of aerosols (Dmochovsky et aI., 1972). The
aerosol "block" of the CAENEX programme is also of
great importance because the available information about
atmospheric aerosols is highly inadequate (Blifford, 1971;
Newell and Gray, 1972).
4. 1 Measurement methods

As mentioned above, direct measurements of aerosols
were carried out by means of aerosol particle sampling
on the filters and impactors with subsequent processing
of these samples with the help of optical and electronic
microscopes as well as by means of chemical analysis
for separate element content.
During the three expeditions under the CAENEX
programme, there were made and partially processed
more than 600 samples on the aerosol filters, membrane
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filters and quartz filters (for a study of organic components) in the surface layer of the atmosphere, more than
30 samples on filters in the free atmosphere at various
altitudes and about 200 samples on the impactor, which
made it possible to obtain vertical profiles oflarge aerosol
particles at altitudes ranging from 300 m to 8,400 m at
different times and under various meteorological conditions. The greatest number of measurements were
made during the CAENEX-72 expedition in the region
of Zaporozhye. There, besides filter and impactor measurements, were made measurements with the help of a
Scholtz counter, plane-table measurements of accumulating dust and measurements of aerosol concentration
by an electrophotochemical dust sensor. Filter gradient
measurements in Zaporozhye were carried out up to an
altitude of 150 m.
In order to obtain data on the aerosol content and
optical property of the atmosphere, the following measurements were carried out simultaneously with microphysical and meteorological observations:
- surface spectral measurements of the transparency
of the whole thickness of the atmosphere in the ultraviolet, visible and near infrared regions of the spectrum;
- measurements of the atmospheric transparency with
the help of an actinometer and V olz filter radiometer;
- aircraft measurements of the spectral and integral
transparency of the atmosphere at altitudes up to
8.4 km.
The following laser soundings of the atmospheric
aerosol were also carried out during the CAENEX-72
expedition:
- measurements of polarization characteristics of
scattered radiation;
- study of aerosol dynamics near its source;
- measurements of the vertical profiles of the coefficient of back-scattering by aerosol.
Such a large-scale aerosol investigation made it possible to bring out some features of aerosol structure in
the surface and boundary layers of the atmosphere and
in the troposphere, to study the nature of aerosol layers
absorbing the short-wave radiation, and to investigate
the effect of natural and industrial aerosol sources on
aerosol spectrum formation (Kondratyev et aI., 1971a).
4.2 Measurement results
The first two expeditions were carried out under conditions of practically an absence of industrial aerosol
sources. The factor determining the aerosol production
was the open surface ofthe earth: sands of the Kara-Kum
desert (CAENEX-70), arable lands and the dried-up

3

33

steppe of the north-western Kazachstan (CAENEX-71).
For measurements in the region of Zaporozhye, the presence of industrial sources of pollution was the main
factor in determining the aerosol chemical composition
both in the surface layer and in the troposphere, its number density and size distribution, optical properties as
well as the dependence of aerosol content on meteorological conditions.
Let us now turn to a brief description of the results.
4.2. 1 Size distribution
The data of the first two expeditions showed a relatively high stability of the particle size-distribution function in the surface layer for a certain type of underlying
surface. This function can be very approximately
described by the Junge formula. In practice, a great
number of gigantic particles are always present in the
surface layer, which exceeds the concentration that may
be obtained from the Junge formula with the parameter
v = 3.5--;-.4. Instability of particle content with radii
0.25--;-'0.35 Jlm may be considered as typical. In the
region of Repetek, the size distribution function has
greater steepness for the large size particle range than in
the region of the Ankata settlement (this means a greater
variability of particles formed in the desert).
The size distribution function for samples taken in
Zaporozhye proved to be less stable. The presence of a
very small fraction and loose conglomerates of particles,
the size of which significantly exceeds several micrometers, is typical. The kind of distribution function in
this case slightly depends on the altitude. At the same
time, for the Kara-Kum desert the dependence of the
particle size spectrum on the altitude was quite distinct.
For example, in Ankata, near the surface, a very
high concentration of the smallest particles (I' .L. 0.3 m)
was observed and a very low concentration of gigantic
particles (I' > 2 Jlm), which is obviously connected with
the generation of particles by soil at the place of measurement. In Repetek, generation of the particles took place,
in the main, far from the place of measurement and therefore such a steep course of distribution function at the
altitudes H > 50 cm was not found.
In practice, for both places in the desert, a reduction
of the relative concentration of the largest aerosol particles (I' > 2.5 Jlm) with the altitude is always observed.
The behaviour of the concentration of the particles of
r .L. 0.25 Jlm is unstable with increasing altitudes; both
a great increase of the particle concentration and reduction may be observed at high altitudes. Significant deviations of aerosol size distribution from the Junge formula
are observed in the range of gigantic particles (high
content). As a rule, particles are of an oval form.
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With the analysis of aerosol particle samples by means
of an electronic microscope, a reduced content of the
particles with r ~ 0.1 /lm is observed as compared to
the content after the Junge formula. The maximum in
the size distribution of particles is observed when
r ~ 0.05 /lm. Data on the tropospheric aerosols are in
a good agreement with Blifford (1971) measurement
results.
4.2.2

Chemical composition

Data of the first two expeditions revealed a small
content of organic components in aerosols. Though a
quantitative analysis for organic components was not
undertaken, one may think that concentration of the
organic components did not exceed 5+ 10 g.m-3 • For
Zaporozhye this value is minimum. In this case concentrations of compounds containing S04-- is higher
than in the other cases. In Zaporozhye, especially high
concentrations of compounds containing iron were
observed. While for the surface layer of the atmosphere
in Repetek the maximum values did not exceed 15 g.m- 3
(average values were about 5 g.m-3), in Ankata - 5 g.m- 3
(average value was about 1 g.m- 3), in Zaporozhye the
concentration of this element always exceeded 30 g.m- 3 •
The values of concentration of Pb, Mg, Ni, Ti and Mn
were also high.
Quartz particles were the main aerosol component in
the surface layer of the atmosphere in Repetek. If the
total concentration of aerosols averaged 250 g.m- 3 , the
quartz particles concentration reached 100 g.m- 3 • The
Fe, Ca, Zn content of aerosol particles was extremely
unstable. Soil dust was the main component of aerosols
in the region of Ankata. A higher content of such elements as Ca, Al was observed in that case. It is typical
for both regions that a greater part of the particles mass
concentration is of mineral origin. For Zaporozhye,
the aerosol component of industrial origin is dominating.
Obviously, the organic aerosol is also of industrial origin.
4.2.3

Dependence on meteorological conditions

Different heights of aerosol sources (tops of sand
dunes, steppe, chimneys of mills) and different reliefs of
the underlying surface lead to different dependences of
aerosol content in the atmosphere on meteorological
conditions. For instance, the measurements made in
Repetek show a distinctly pronounced daily variation of
the aerosol· number density for heights from 2 m up to
15 m with maximum number density in the evening and
minimum in the morning. The spectral density of particle size distribution slightly depends on time.
A relatively small increase of concentration of gigantic
aerosol particles possibly faIling into the surface layer

from higher atmospheric layers is observed only in the
evening. The growth of dust particles due to coagulation
is practically not observed at all.
A distinctly pronounced diurnal variation of the number density is not revealed from the data obtained in the
region of Ankata. In this case, the wind speed lifting the
dust particles into the air plays a dominant role. At the
same time the particle size distribution has a distinctly
pronounced diurnal variation: during the first half of the
day a great reduction of the relative concentration of
particles in the range of r ~ (0.20--;-0.5 /lm) is observed,
while towards evening an increase of the fraction of
gigantic particles with r::::" 2 /lm and reduction of the
relative fraction of the particles with r ~ (0.4--;-1.5 /lm)
takes place.
It is interesting to point out that the diurnal change
of the function of size distribution for different heights
is somewhat different: phase shift with altitude is observed.
The diurnal change of the size spectrum of the aerosol
particles takes place not only in the surface layer but
also through the whole thickness of the atmosphere,
which becomes apparent not only from the data of
direct measurement but also on the basis of measurements
of the diurnal variation of the spectral atmospheric
transparency.
Analysis of the dependence of different surface aerosol
parameters on humidity, cloudiness. wind speed and
direction, precipitation and temperature regime of the
surface layers in Repetek, has shown that the effect of
humidity (with the observed small range of humidity
. variation) on the change of the spectrum of particle size
is negligible.
Tendency to reduction of the aerosol number density
at the 2-15 m altitude takes place with the increase of
wind speed within the speed range of 2-7 m.sec-l • The
temperature conditions of the surface layer and its
turbulent mixing are leading factors in aerosol concentration changes.
4.2.4

Vertical concentration profile

Aircraft measurements over Repetek revealed the following main features of the vertical profiles of large
aerosol particle concentration (r > 0.2 /lm):
1) very high values of the number density;
2) exponential decrease of the number density with
altitude;
3) relative stability of the function of size distribution
of particles.
Obviously, all this may be explained by an almost
complete absence of hygroscopic particles and by a
vigorous mixing of aerosols in the atmosphere over the
desert.
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From measurements performed over Ankata, an exponential decrease of the aerosol number density with
altitude was practically never discovered. For this region,
the vertical distribution of aerosol concentration in the
troposphere is of a strongly pronounced stratified character and is especially typical for day-time. At nighttime the aerosol layers go down.
Fig. 12 shows the vertical profiles of large particles
concentration obtained from the CAENEX-7l data.
Since the particle concentration in the upper and middle
troposphere increases in the evening and at night-time,
we may suppose that lifting of the aerosol particles takes
place from higher atmospheric layers where the high
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particle concentration must take place (a sUb-tropopause
layer). Though the direct connexion of the vertical
aerosol profile with the profile of relative humidity is
not revealed, correlation of altitudes of prevailing occurrence of aerosol layers and layers of high relative humidity exists.
4.2. 5 Spectral transparency
Measurements of the diurnal variation of the spectral
atmospheric transparency in Repetek (23-25 October
1970) reveal a distinctly pronounced tendency towards
the enlargement of particles in the atmosphere near
noon-time. Two weak maxima of aerosol attenuation
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Vertical profiles of large aerosol particles number density from aircraft measurement data in the region of Uralsk (16-17 July
1971).

1: 10.30-10.50; 2: 11.50-12.10; 3: 23.10-23.50; 4: 0.30-1.50 (local time).
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in the wave-length regions of 3,200-3,500 A and 3,9004,100 A shift to the long-wave region of the spectrum.
This is probably associated with the great variability of
the cross-sections of scattering and absorption with
changes of the particle size in the spectrum region considered. It is mainly typical for hematite particles having
an absorption band with its maximum at the r-.J 4,080 A
wavelength. Maximum attenuation due to hematite particles for this wavelength falls on the radii of 0.08-0.1 J.lm
and reaches the values of 6-8. Owing to this, only
early in the morning when small size aerosol fraction
prevails does the maximum attenuation of radiation by
aerosols become distinctly apparent due to the hematite
absorption band, and then with particle growth this
maximum is levelled by the effect of intensification of
radiation attenuation at the adjacent wavelengths.
4.2. 6 Complex refractive index
Data on the tropospheric aerosol concentration, size
distribution and composition make it possible to calculate
optical parameters of aerosols and draw some conclu-

K

sions concerning aerosol optical properties which can be
compared to the optical measurement data.
When calculating the aerosol optical properties, the
choice of the optical constants of the aerosol substance
presents a most difficult problem. The following characteristics are to be determined:
1) distribution of chemical compounds according to
their fractions;
2) relative content_ of the chemical compounds in the
substance of an individual particle;
3) main features of particle growth with the increase
of relative humidity.
If we suppose that all chemical compounds are uniformly distributed inside the particles, then we can
calculate the effective optical constants of the aerosol
substance knowing the relative concentration and optical
constants of all (or most of) the aerosol compounds
and their chemical composition. Such a calculation was
made for "dry" aerosols of the surface layer and troposphere for the regions of the first two CAENEX expeditions (Fig. 13).
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The chemical composition of this aerosol model corresponds to the following relative content of various
components: SiO z - 35%, [S04]-Z - 18%, [NH4]+ 4%, [NOsr - 1%, [COsr Z - 8%, FezOs - 6%,
Fe+s (salts) -1 %, AzOs - 5%, Ca+z - 9%, Cl-1_ 4%,
Na+ - 2%, K+ - 0.1 %, Mg and other elements 1%.
The value of the imaginary part of the refraction index
(absorption index) corresponding to this model is determined by the hematite (6%) and soot (0.1 %) content in
aerosol and amounts to k = 0.005 ± 0.003 in the visible
region of the spectrum. The real part of the refraction
index equals n = 1.65 ± 0.02 in the same region of the
spectrum and significantly reduces for A ::::". 5 /lm. The
appreciable increase of "k" for A ::::". 2.7 /lm and up to
3.5 /lm is due to the presence of the bound water (5%)
and sulphates (18%). The examined model of the
complex refractive index of the aerosol particles should
be considered as a first approximation.

4.2.7 Radiation absorption by aerosols
Determination of the imaginary part of the complex
refractive index, which determines the value of the coefficient of aerosol absorption, is of particular importance
when calculating the aerosol optical parameters. The
above results of aircraft spectral measurements in Repetek
have indicated that aerosol absorption in the short-wave
spectral region is comparable to the total molecular
absorption.
Comparison of the changes of the spectral aerosol
absorption function with changes of the spectral absorption coefficients for a "dry" aerosol model, as well as
analysis of the optical constants of the individual components of this model, have shown that in some cases
it is possible to make use of the optical constants of
individual components for calculations of aerosol absorption. For example, the difference of the short-wave
radiation balances at altitudes of 0.3 and 8.4 km (absorbed
radiation) measured on 25 October 1970 in the region
of Repetek, has a spectral course in the 0.4-0.8 /lm
wavelength region similar to that of the imaginary part
of the hematite refractive index. According to calculation, hematite particles must be of the size r Le:: 0.1 /lm
in this case. Some part of the short-wave radiation
absorption can be explained by the presence of strongly
absorbing sub-micron soot particles, particles of FezOs
and particles of organic origin in the atmosphere which
have bands of strong absorption in the wavelength
regions of 4,500 A and 6,800 A. The presence of these
particles, which does not contradict the chemical analysis
of individual components in the tropospheric aerosol,
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may well explain the high values of the radiative heating
of the atmosphere, due to absorption of the shortwave radiation by aerosol particles.
4.3

Conclusion

Results of aerosol investigations have made it possible
not only to get new experimental data on the aerosol
composition of the atmosphere and the behaviour of
atmospheric aerosol depending on different meteorological factors, but they have also indicated that:
1) the solid fraction of aerosols plays a very important role in the radiative regime of the atmosphere, particularly in short-wave radiation absorption;
2) the complex refractive index of aerosol calculated
on the basis of making use of aerosol composition models
differs significantly from the refraction index for water
or the often used value 1.5, and depends on the relative
humidity;
3) the condensation growth of particles is of minor
importance when forming the size spectrum of particles
as compared to coagulation.

5. HEAT BALANCE OF THE BOUNDARY LAYER.
INTERACTION BETWEEN THE HEAT
EXCHANGE DUE TO RADIATION AND SENsmLE
HEAT TRANSFER
As was already mentioned at the beginning of this
report, the present schemes of parameterization of interaction between the atmosphere and the underlying surface are based on the assumption that heat exchange
between the atmosphere and the surface is determined
by turbulence and convection. Meanwhile, we have a
sufficiently large amount of data testifying that radiation
plays a significant role in the heat transfer in the surface
and boundary layer of the atmosphere (Kondratyev,
1972a). Further investigation of this problem was one
of the main goals of the CAENEX-71 expedition (Kondratyev et aI., 1973).
In the absence of advection and over the homogeneous
underlying surface, variation of the heat content of the
fixed atmospheric layer is determined by the difference
between the radiation and sensible heat fluxes at the
boundaries of the layer. The radiative flux divergence
for the 0-3 km layer, as mentioned above, was determined
from direct measurement data. The sensible heat flux
at the top of the boundary layer can, with sufficient
accuracy, be considered as zero and thus its divergence
for the whole boundary layer is determined by measurements of this flux near the underlying surface.
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The degree of closure of the heat balance may be
judged from Fig. 14, which illustrates the diurnal variation of:
1) the heat content of the 0-3,000 m layer (AQ);
2) flux divergences for short-wave (AS) and long-wave
(AF) radiation;
3) sensible heat flux at the surface (Po = AP);
4) total heat flux divergence for the layer considered
(AS

+ AF + AP).

According to evaluations performed from direct measurements and making use of synoptic charts, the advective
heat flux did not exceed 0.1 caI.cm-2 min-I • As seen from
Fig. 14, the values of Q and the total heat flux divergence
are in good agreement, which testifies that according
to direct measurement data, there exists a fairly reliable
closure of the heat balance of the boundary layer.
Analysis of the measurement data indicates that:
1) both short-wave and long-wave radiation significantly contribute to the heat balance of the boundary
layer of the atmosphere in day-time;

2) the contribution of the radiative flux divergence is
comparable to that of the sensible heat flux divergence
(sometimes AS + AF > AP) for the whole boundary
layer;
3) during day-time the boundary layer is heated
owing to radiation and sensible heat exchange, and at
night-time cooling occurs, which is determined by both
these factors.
Thus, in the case under consideration, radiation and
turbulence generate temperature change in the same direction. It must be pointed out that such understanding of
the role of turbulence and radiation in the heat exchange
(for the whole boundary layer) has lately become a more
or less commonly accepted view.
In this connexion it is of great interest to study the
heat balance, not only for the whole boundary layer
but also for thinner layers, especially of the surface
layer.
The CAENEX programme has made it possible to
study the features of the diurnal variation of heat balance
for different atmospheric layers in the lower part of the
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Figure 14. The daily course of heat content (AQ), flux divergence due to the absorption of the short-wave (AS) and long-wave (AF)
radiation, sensible heat flux (Po = AP) and the total heat flux divergence (AS + AF + AP) in the 0-3,000 m layer.
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troposphere, due to radiation and turbulence. Relationship between 118 and 11F changes somewhat from day
to day, but always a significant radiative heating of the
atmospheric surface layer may be observed in the daytime, with strongly heated soil, which exceeds the value
of the observed temperature variations.
The available data indicate that if the whole boundary
layer is heated by radiation and turbulent heat exchange,
then in its lower part (in the 100 m layer), during the
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day-time, significant heating due to radiation (mainly
long-wave) is compensated by air cooling at the expense
of the turbulent heat transfer (the turbulent heat flux in
the indicated layer grows with altitude). All these data
give evidence of the important role of interaction between
the fields of radiation and motion in the surface and
boundary layers of the atmosphere. There is no doubt
that this fact must be kept in mind when elaborating the
parameterization schemes of interaction between the
atmosphere and the underlying surface.
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Belov, V. E., BerIyand, M. E., Ivlev, L. S., MalevskiMalevich, S. P., Orlenko, L. R., Ter-Markaryantz, N. E.,
Tzvang, L. R., Shlyachov, V. 1., Vasilyev, O. B., Zhvalev, V. F., and Zrazhevski, I. 1.
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